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The Accumulation of D-Galactose against a Concentration 


Gradient by Slices of Rabbit Kidney Cortex* 


STEPHEN M. KRANET AND Ropert K. CRANE 


From the Department of Biological Chemistry, Washington University School of Medicine, St. Louis, Missouri 


(Received for publication, May 12, 1958) 


The excretion of a glucose-free urine is believed to be the 
result of the presence, in the epithelial cells of the proximal 
convoluted tubules of the vertebrate kidney, of a process for the 
reabsorption of glucose from the glomerular filtrate against the 
concentration gradient (1). This belief is substantiated by anal- 
yses of the glucose concentration in samples of tubular fluid 
obtained by micropuncture at various points along the length of 
the tubules (2, 3). It is also substantiated by studies of the 
influence of the concentration of glucose in the blood on the rate 
of glucose reabsorption (4). The data from these studies in vivo 
are consistent with the idea that sugar reabsorption is mediated 
by an energy-dependent process which has a restricted specificity 
and which is susceptible to inhibition by the glycoside, phlorizin. 
In these respects, the phenomenon of kidney reabsorption of 
sugars is similar to intestinal absorption which has been suc- 
cessfully demonstrated in vitro (5, 6), and it was felt that a test 
system in vitro for kidney reabsorption would be similarly useful 
for further studies on the nature of the reabsorptive process. 
Several years ago, Cross and Taggart (7) found that p-amino- 
hippurate was accumulated egainst an apparent concentration 
gradient in slices of rabbit kidney cortex incubated under ap- 
propriate conditions. 

The substance of the present report is the demonstration 
that p-galactose, a sugar which has been reported to be reab- 
sorbed by the kidneys of several species (8), is accumulated 
against an apparent concentration gradient under similar con- 
ditions by slices of the same tissue. Attempts to demonstrate an 
accumulation of glucose were uniformly unsuccessful, —pre- 
sumably because of the rapid utilization of glucose by the 
tissue. 


EXPERIMENTAL 


Tissue—The kidneys were removed from rabbits weighing 2 to 
4 kg., and were placed in Krebs-Henseleit phosphate buffer (9) 
equilibrated with 100 per cent oxygen. Thin slices of cortex 
were cut freehand and placed in a dish of the same buffer, kept 
at room temperature to avoid the swelling which kidney cortex 
slices undergo when chilled (10). 

Com pounds—p-Galactose-1-C™ with a specific activity of 2 we. 
per mg. was obtained from the National Bureau of Standards. 
Nonradioactive p-galactose was obtained from Pfanstiehl 


* Supported by a grant from the National Science Foundation. 
A preliminary report of this paper was presented at the Forty- 
eighth Annual Meeting of the American Society of Biological 
Chemists in Chicago, April 15 to 19, 1957. 

t Postdoctoral Fellow, United States Publie Health Service. 
Present address: Massachusetts General Hospital, Boston, Mass. 
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Laboratories, Inc., and was recrystallized from 80 per cent 
ethanol. Phlorizin was obtained from Dr. T. P. Nash, Jr., and 
was recrystallized from water. 4,6-Dinitro-o-cresol was ob- 
tained as the sodium salt from Distillation Products Industries. 

\Methods—Incubations were made in Warburg vessels with 
two side arms. The main chamber contained 1.83 ml. of a buffer 
solution (11) consisting of 1.14 ml. of 0.3 mM sodium chloride, 
0.09 ml. of 0.3 M potassium chloride, 0.3 ml. of 0.1 Mm sodium 
acetate, 0.1 ml. of 0.02 M calcium chloride and 0.2 ml. of 0.1 
potassium phosphate, pH 7.3. One side arm contained 0.1 or 
0.2 ml. of a solution of galactose-1-C™ (5 we. per ml.) plus the 
amount of nonradioactive galactose required to make the desired 
final concentration, and 0.2 mil. of 0.2 m raffinose. Inhibitors 
were added to the main chamber or, when their addition during 
incubation was desired, to the opposite side arm. Water was 
added to the main chamber to give a final total volume of 2.7 
mi. 

Approximately 100 mg. wet weight of freshly cut slices were 
placed in the main chamber of the vessels. The vessels were 
gassed with 100 per cent oxygen at room temperature, sealed, 
and placed in a water bath where they were shaken at a rate cf 
100 to 110 oscillations per minute for 10 minutes. The galactose 
solution was tipped in from the side arm and incubation was 
continued for the desired length of time. The temperature of 
the bath was 25° unless otherwise stated. 

When incubation was completed, the vessels were removed 
from the bath. Then, as rapidly as possible, the slices were 
lifted out, blotted on filter paper, weighed on a torsion balance, 
and homogenized together with 3.0 ml. of 0.19 m zine sulfate in a 
Potter-Elvehjem homogenizer fitted with a Teflon pestle. The 
suspension was again homogenized after the addition of 3.0 
ml. of 0.8 N barium hydroxide. An aliquot, 1.0 ml., of the 
medium from each vessel was taken and mixed with 2.0 ml. of 
zine sulfate and 2.0 ml. of barium hydroxide. Clear sclutions 
were obtained by centrifugation. 

The galactose in the deproteinized solutions was converted to 
muci¢e acid in the following way: 2.0-ml. aliquots of the solutions 
obtained from the slices or 1.0 ml. of the solutions from the 
media plus 1.0 ml. of water were placed in 13 x 100-mm. test 
0.4 ml. of 0.5 mM galactose and 1.2 ml. of concentrated 
nitric acid were added and mixed in by stirring. The tubes 
were then heated on a boiling water bath for two hours. The 
tubes were removed from the bath and their contents were 
reduced to a volume of 0.2 to 0.3 ml. by means of a jet of dry 
The tubes were set aside at 4° for 12 hours to permit com- 
The crystalline pre- 
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cipitate was washed 5 times with 1.0-ml. volumes of water and 
suspended, finally, in 0.3 ml. of water. 

The mucic acid suspension was spread evenly over an area of 
3.8 cm2 in the center of tared aluminum planchets and dried 
under an infrared lamp. The planchets were weighed again 
after drying and the amount of mucic acid was determined by 
difference. Radioactivity measurements were made in a win- 
dowless, gas flow proportional counter (Nuclear Research 
Corporation). The time to accumulate 2560 counts was de- 
termined 3 times for each sample and corrected for self-absorp- 
tion. ‘The counting rate of all samples was at least 10 times the 
background rate. 

The concentrations of raffinose in the filtrates were determined 
(12), and these values were then used to calculate the amount 
of galactose which entered the slice. Raffinose equilibrated 
rapidly to an endpoint of 33 per cent of the wet weight of the 
slices. This volume of distribution, which was assumed _ to 
represent the extracellular space, did not change significantly 
during an incubation period of up to 75 minutes. It was not 
influenced by anaerobic conditions nor by the presence of the 
‘rarious inhibitors used. A raffinose volume of 33 per cent 
agrees well with the value obtained for the cut diaphragm 
preparation (13), but it is higher than the value reported (14) 
for the extracellular space of tissues in vivo. A larger extra- 
cellular space in vitro is an expected result of such factors as the 
entrapment of medium in the tubular lumina, an altered per- 
meability to raffnose of the damaged cells on the cut surfaces, 
and the adherence of medium to the slices. The total water of 
the tissue was determined by the difference between the weight 
after blotting and the weight after drying at 100° for 24 hours. 
The total water averaged 73.6 + 1.4 per cent of the wet weight. 

The concentration of galactose in the experiments below is 
expressed as net counts per minute (net ¢.p.m.) or as wmoles 
per ml. of intracellular water, calculated in the following way: 


net ¢.p.m. 


ml. intracellular water 


¢.p.m./slices — (¢e.p.m./ml. medium) (ml. raffinose volume) 


ml. total water — ml. raffinose volume 


The values expressed as net counts per minute were converted 
to umoles of galactose by multiplying by the reciprocal of the 
specific activity of the galactose-1-C™ in the medium. 

Validity of Method—Owing to the utilization by the kidney 


TABLE I 
Accumulation of p-galactose-1-C'* by slices of rabbit kidney cortez 
The methods used in these experiments are described in the 


text. The duration of incubation was 80 minutes in all experi- 
ments. 
Incuba- | Medium radioactivity Tissue radioactivity 


temper- concentration 
Intracellular 


ature | Initial Final Wet weight caitiene 

107-4 ¢.p.m./ml. | c.p.m/ml. c.p.m./gm. | net c.p.m./ml., 
25 2.7 60,000 38,500 128,000 283,000 
2 2.7 60,000 35,500 105,000 242,000 
1.3 30,000 16,300 52,300 500 
25 0.7 15,000 8,400 17,000 35,400 
25 0.7 15,000 8,000 16,500 32,900 
4 1.3 


30,000 


28 ,600 | 14,900 13,300 
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slices of a portion of the added galactose and to the incomplete | 
removal of traces of phosphate esters by the barium hydroxide 
and zine sulfate deproteinization procedure, the question may 
be asked whether or not some of the radioactivity ultimately 
obtained in the form of mucic acid was present in the slices, not 
as galactose, but as one of its metabolic products such as glucose 
or galactose l-phosphate. This possibility is minimized by the 
following observations which indicate that contamination by 
metabolic products was not significant: (a) Radioactive glucose 
was added to a sample of nonradioactive galactose; conversion 
to mucic acid, recovery, and radioactivity assay were carried 
out in the usual way. Only about 0.2 per cent of the radio- 
activity added as glucose was recovered with the mucic acid. 
(b) Samples of deproteinized solutions from an experiment. were 
converted to mucic acid in the usual way. Other samples were 
treated with a mixed resin (MB-2, manufactured by Rohm and 
Haas Company) after the addition of carrier galactose and 
before the addition of nitric acid. The deionized samples were 
then converted to mucic acid and assayed for radioactivity in 
the same way as the untreated samples. No difference in the 
level of radioactivity was detected. (c) The latter experiment 
was repeated with the addition of 1-C'-galactose 1-phosphate 
at the same time as the carrier galactose. It was found that 
the deionization procedure removed at least 99.5 per cent of the 
radioactivity added as galactose 1-phosphate. (d) Carrier 
galactose and carrier galactose 1-phosphate were both added to 
the deproteinized solutions from an experiment. The solution 
was then reduced in volume and chromatographed on paper 
using the butanol-pyridine-water solvent of Chargaff et al. (15) 
with which galactose gives a well defined spot having an R;, 
value of about 0.31 and galactose 1-phosphate remains at the 
origin. The two spots were eluted from the paper with water, 
reduced in volume, placed on planchets, dried, and assayed for 
radioactivity. The spot from the origin contained less than 4 
per cent of the total radioactivity added to the paper. 


RESULTS 


Accumulation of Galactose—When slices of rabbit kidney 
cortex were incubated as described above with galactose-1-C" | 
for a period of time, they were found to contain more radio-_ 
acfivity than would be expected solely from the free diffusion 
of galactose from the medium into the slice. This fact. is il 
lustrated by the data in Table [. At the end of 80 minutes of 
incubation, the ratio of the intracellular concentration of galac- 
tose to the final concentration in the medium varied with the 
concentration used from a low of about 4.2 to a high of about 
7.1. When the slices were incubated at 4°, galactose was not 
accumulated and, in fact, the intracellular concentration failed 
to equal the medium concentration at the end of 8O minutes. 
This failure, striking when compared to the high concentrations 
attained at 25°, suggests that there is at low temperatures 4 
marked reduction in the rate of all quantitatively important 
modes of entrance of galactose into kidney tissue cells similar to 
that observed previously with ascites tumor cells (16). 

The utilization of galactose at low external concentrations, 
aus shown by the difference between the initial and the final 
values for the media, represents an appreciable fraction of the 
total galactose in the vessels. Utilization was routinely ob- 


served in these experiments and rough estimates of its magnitude 
could be made from the difference between the initial and final 
Use of these 


concentrations of galactose-1-C™ in the media. 
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values was made in experiments where vessels were incubated 
for different periods of time. All the data of such an experi- 
ment were multiplied by the factor, initial concentration /final 
concentration, in order to normalize the data to the same ex- 
ternal concentration. 

In Fig. 1 the amount of intracellular galactose found after 
various periods of incubation in the presence and in the absence 
of 4,6-dinitro-o-cresol is plotted. The horizontal broken line 
represents the value expected from diffusion equilibrium, if all of 
the slice water is available for diffusion, and it may be noted 
that the amount of intracellular galactose found after 45 minutes 
in the presence of dinitrocresol is close to this value. If it is 
correct to assume that this value represents diffusion equilibrium, 
the amount found in excess of it represents the extent to which 
the tissue has accumulated galactose; if accumulation arises 
from active transport, the magnitude of this excess is related to 
the rate of active transport. 

Inhibition by 4 ,6-Dinitro-o-cresol—I{ we may assume that the 
accumulation of galactose arises from transport against a con- 
centration gradient; energy is required. Inhibition by 4,6- 
dinitro-o-cresol would then suggest that this hypothetical energy 
is derived from aerobic metabolism since this compound is one 
of a series of substituted phenols known to inhibit, at low con- 
centrations, the process of aerobic phosphorylation (17-19). 
However, other sites of substituted phenol inhibition are known 
(20-22) and it is not possible in these experiments to local- 
ize their influence. Dinitrocresol was used at concentrations 
between 1.8 and 7.3 X 10-° M, a range in which nonspecific 
effects in other tissues are minimal (18, 23). In its presence, 
galactose was found to be distributed, at equilibrium, in an 
average of 89 per cent of the intracellular water volume in 12 
experiments. On the assumption that the kinetics of galactose 
entrance into the kidney cells in the presence of dinitrocresol 
are the same as the kinetics of the entrance of sugars into ascites 
tumor cells (16), a rate constant of entrance has been calculated 
by the same method. In four individual experiments not shown 
here, k, min.-', had a value of 0.10 + 0.02, at an incubation 
temperature of 25°. 

In addition to its effect in preventing accumulation, dinitro- 
cresol added after accumulation had occurred caused the release 
of galactose to the medium. In the experiment shown in Fig. 2, 
accumulation was allowed to proceed. At intervals, dinitro- 
cresol was added to paired flasks and incubation was continued. 
Analyses were then made at intervals after the addition of 
dinitrocresol. These showed considerable variation and the 
curves drawn through the points in Fig. 2 are necessarily ar- 
bitrary. Nonetheless, it is evident that the intracellular con- 
centration fell, in the flasks to which inhibitor was added, at a 
rapid rate and approached, though it did not attain within the 
time period chosen, the level expected from diffusion equilibrium. 
The results suggest that a given gradient is maintained only 
when the process resulting in accumulation proceeds as rapidly 
as an opposing leakage of galactose from the tissue. 

Inhibition in Absence of Oxygen—When slices were incubated 
in an atmosphere of nitrogen (Linde, HP) instead of oxygen, 
intracellular accumulation of galactose did not occur (Fig. 3). 
Under nitrogen, galactose entered the tissue at about the same 
rate as in the presence of dinitrocresol but it appeared to come 
to equilibrium with a slightly greater volume; a volume of ap- 
proximately 100 per cent of the slice water. 

Inhibition by Phlorizin—When the glycoside, phlorizin, was 
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Fic. 1. The time-course of the accumulation of galactose-1-C"4 
by rabbit kidney cortex slices. 
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Fic. 2. The effect of 4,6-dinitro-o-cresol on the accumulation 
of galactose-C'4%, The experimental design is explained in the text. 
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Fic. 3. The effect of the absence of oxygen on the accumulation 
of galactose-C', 


added at concentrations which have been reported to produce 
glycosuria in vivo, i.e. at concentrations from 10-* m to 10-4 m, 
a significant reduction was observed in the amount of galactose 
accumulated within a given time period. A _ representative 
experiment is shown in Fig. 4. In this experiment, phlorizin 
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was added at two concentrations. With the lower concentration, 
galactose accumulated but to a lesser extent than in the control. 
With the higher concentration, galactose did not accumulate 
nor, indeed, did the amount to be expected from diffusion 
equilibrium enter the cells. This result suggested the possibility 
that phlorizin could inhibit the entrance of galactose into the 
tissue cells under conditions where no accumulation occurred, 
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~ Fig. 4. The effect of phlorizin on the accumulation of galac- 
tose-C', 
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Fic. 5. The effect of phlorizin on the entrance of galactose-C! 
in the presence of 4,6-dinitro-o-cresol. 
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Fic. 6. The effect of the concentration of galactose on the ac- 
cumulation of galactose-C*. 
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as has been found in the ascites tumor cell (16) and the erythro- 
cyte (25, 26) which do not accumulate sugars against a con- 
centration gradient. In order to test this possibility, an ex- 
periment was carried cut in which dinitrocresol was added to 
all flasks, thus preventing accumulation. Under these con- 
ditions, phlorizin inhibited the rate at which galactose entered 
the tissue, as shown in Fig. 5. Also, the degree of inhibition 
was dependent upon the phlorizin concentration. If it may be 
assumed that inhibition is noncompetitive with respect to sugar, 
as it seems to be with ascites tumor cells (16), a A; value for 
phlorizin inhibition of 1.7 + 0.8 x 10-4 mM may be calculated 
using the 15-minute values for percentage of distribution from 
Fig. 5. 

Influence of External Galactose Concentration—When kidney 
slices were incubated in graded concentrations of galactose for 60 
minutes in the presence and absence of dinitrocresol, an in- 
fluence of the external galactose concentration on accumulation 
was found (Fig. 6). In the presence of dinitrocresol, accumula- 
tion did not occur and the amount of galactose in the tissue was a 
linear function of the external galactose concentration. In the 
absence of dinitrocresol, accumulation occurred and the amount 
of accumulated galactose approached a maximum with increasing 
concentrations of external galactose. It was then assumed 
that galactose accumulation resulted from the operation of a 
catalytic process and an apparent Michaelis constant for this 
process was calculated from the data in Fig. 6, upon the further 
assumption that the rate-limiting step in the process producing 
accumulation was entirely absent when dinitrocresol was added. 
The difference between the two curves was taken to equal the 
rate of the process. Owing to the marked deviation of the points 
at the highest concentration of galactose from the pattern of 
the rest of the data, the values for the 5 lower concentrations 
only were used. These difference values were then plotted 
against the concentrations of galactose, both in the reciprocal 
form (27), to give Fig. 7. From the extrapolated intercept 
with the abscissa (28) a value for K,, of 1.2 * 10-3 mM was ob- 
tained. In two other experiments values for A, of 2 and of 
4 x 10-3 m were obtained. The degree of confidence which 
one may have in a K,, value obtained in a complex system such 
as this one is low. There is no practical way, for example, of 
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Fic. 7. Lineweaver-Burk plot of the data of Fig. 6, obtained as 
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knowing how much influence the rate of outward diffusion of 
accumulated galactose, the rate of its utilization, and the degree 
to which the process resulting in accumulation may have estab- 
lished an equilibrium, will have on the calculated value for Kw». 
Its use is justified solely by the fact that it is the only means 
available at present for comparing, in a quantitative sense, the 
effect of several substrates on a catalytic process. 

Inhibition by Glucose—When glucose was added, a significant 
reduction in galactose accumulation was observed and the extent 
of the reduction depended in an approximate way upon the rela- 
tive concentrations of the two sugars, as shown by the data in 
Table Il. Again, if it is assumed that a catalytic process is 
involved in galactose accumulation, AK; values for glucose (given 
in Table II), can be calculated. These were found to be highly 
variable; they ranged from a low of 3 xX 10-3 m to a high of 
25 x 10°? m. In the presence of dinitrocresol, the rate at 
which galactose entered the slice was also inhibited by compar- 
able concentrations of glucose, but to a lesser degree. No in- 
hibition was observed with 2.2 « 10-4 m galactose and 7.4 x 
10° m glucose and about 30 per cent inhibition was observed with 
1 x 10° m galactose and 7.4 X 10-2 m glucose. Some of the 
variability of glucose inhibition in both types of experiment 
probably results from variations between experiments in the 
extent to which the sugars were utilized during the experimental 
period. The concentrations given in Table II are initial con- 
centrations. 


DISCUSSION 


The phenomenon of the accumulation of a substance if it 
occurs against a concentration gradient is, by definition (29), 
active transport, inasmuch as some force other than that of 
diffusion is required to maintain an asymmetric system. The 
unequivocal demonstration of active transport, however, re- 
quires proof that the intracellularly accumulated substance is in 
the same molecular form as the extracellular source. In the 
present studies, we have been able to demonstrate that the sub- 
stance accumulated is isolable under mild conditions as p-galac- 
tose and that it probably has not been metabolically altered. 
However, when the active cells must be modified or destroyed 
in order to recover the accumulated substance, it is never pos- 
sible rigorously to exclude as a major factor in the phenomenon 
the formation of dissociable bonds between the accumulated 
substance and an intracellular component. Evidence against 
this possibility, of whatever kind and however strong, must 
always be inferential. In this instance, dissociable bonds, if 
they exist, must have all the characteristics of the system, namely, 
sensitivity in their formation or disruption to dinitrocresol, to 
oxygen deprivation, to the presence of glucose, and to the 
external galactose concentration. For this reason, their informa- 
tion as part of a specific mechanism seems unlikely. In addition, 
such bonds are not a factor in the analogous demonstration! in 
this laboratory that segments of hamster intestine accumulate 
high relative concentrations (20 to 1) of free 6-deoxy-p-glucose 
when incubated with this sugar in the medium. Contrary to 
the situation with kidney slices, intestine can be divided sur- 
gically into an active portion (the mucosa) and an inactive por- 


tion (the muscularis), and this division can be made before or 


after incubation. When it is made before, only the mucosa con- 
tains a high relative concentration of sugar; when it is made 
after, both contain high concentrations. 


'P. Mandelstam, and R. K. Crane, unpublished observations. 
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TaBLeE II 
Inhibition of accumulation of galactose by 
simultaneous presence of glucose 
The experiments were carried out as described in the text. 
Incubation was for a period of one hour. The A, values for glu- 
cose were calculated using a A, value for galactose of 2 X 10-3 m. 


Initial concentration 
Inhibition for glucose 
Galactose Glucose 
0.96 11.0 | 2 | 25 
1.7 11.0 25 17 
0.22 | 7.4 58 5 
0.10 | 5.6 62 | 3 
0.20 | 28 13 
0.10 | i 61 | 3 


As for the values which have been obtained in the present 
studies for the 3 parameters of galactose accumulation, namely, 
Michaelis constant, rate, and intracellular concentration, pos- 
sibly none of them represents a true value. The probable errors 
in the K,, values have been discussed above. The values for 
the rate of galactose accumulation are undoubtedly low, owing 
to utilization and to diffusion from the tissue to the medium. 
The concentrations of intracellular galactose have been calculated 
on the basis of total slice water. It is not known whether galac- 
tose is localized in its concentration, in which case the values are 
low, or whether it is more or less uniformly distributed through- 
out the tissue. The latter seems more likely by analogy with 
the hamster intestine experiments mentioned above. More- 
over, studies of renal transport of glucose in dogs (30) have been 
interpreted to mean that the site of the transport mechanism is 
the cell membrane bordering the lumen. Sugar transported at 
this site could diffuse out of the opposite border of the cell into 
the surrounding tissue. 

The action of phlorizin on the renal transport of glucose has 
been considered to be highly specific. Recent experiments, 
however, have uncovered actions of phlorizin which are not 
clearly related to one another and which indicate that the action 
of phlorizin on different systems may not always be the same 
one. Phlorizin inhibits the entrance of sugars into cells which 
do not possess a mechanism for the accumulation of sugars 
against the concentration gradient (16, 25, 26). Phlorizin 
inhibits, in an apparently competitive way, the nucleotide-requir- 
ing enzymes, phosphorylase a (31), Ehrlich ascites tumor hexo- 
kinase,? and rat kidney hexokinase (32), as well as aerobic phos- 
phorylation in a homogenate of guinea pig kidney cortex (33). 
Phlorizin has also been reported to inhibit the enzyme, mutaro- 
tase (34). That action of phlorizin which has been observed in 
the present study appears to be the one observed with erythro- 
cytes and ascites tumor cells, which we have interpreted previ- 
ously as an action upon free diffusion. A restraint of free dif- 
fusion alone, by phlorizin, if it prevented access of sugar to the 
transport mechanism, could explain the production of renal 
glycosuria in intact animals and the inhibition of accumulation 
in the present experiments. It is possible, however, that the 
membrane sites through which sugar enters a cell are the same 
whether its transport is passive or active, coupling with an 
energy source being implied for the latter. The site of phlorizin 


2. R. K. Crane, unpublished observations. 
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inhibition could then be the same in both instances. The fol- 
lowing observations show how great is the need for more precise 
information on the site and mechanism of renal tubular trans- 
port of sugar in order to clarify the role of phlorizin. The ascites 
tumor cell is impermeable to phlorizin at concentrations which 
inhibit sugar entrance (16) and inhibition of sugar entrance 
probably occurs at the membrane. In the kidney, on the other 
hand, phlorizin has been reported (33) to be secreted into the 
urine by tubular cells, and by implication its intracellular con- 
centration is high. Inhibition in this instance could occur at an 
intracellular site. 

In summation, the over-all properties of the accumulation of 
galactose by rabbit kidney cortex slices are remarkably like those 
that have been reported for the reabsorption of sugar in vivo 
(4, 8), and it seems reasonable to conclude that the process is, in 
both instances, one of active transport and that it is, in both 
instances, the same. Recently Keston (35) has proposed a 
hypothesis for renal transport of sugars which would lead one 
not to expect an accumulation of galactose in the experiments in 
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vitro. There seems to be no clear way, at present, to reconcile 
our data with Keston’s hypothesis. 


SUMMARY 


Experiments are reported which indicate that slices of rabbit 
kidney cortex incubated in vitro may serve as a test system for 
the renal reabsorption of sugars in vivo. pv-Galactose-1-C¥ 
added to the medium is accumulated by the slices against an ap- 
parent concentration gradient. The following properties of this 
system have been observed: (a) In the absence of oxygen or in 
the presence of 4,6-dinitro-o-cresol the amount of galactose en- 
tering the cell is limited to that expected from diffusion equi- 
librium. (6) The amount of galactose accumulated in a given time 
period is a function of the external galactose concentration and 
it is reduced by the simultaneous presence of glucose. The de- 
gree of reduction depends upon the relative concentrations of the 
two sugars. (c) Phlorizin inhibits the entrance of galactose into 
the tissue cells not only under conditions in which accumulation 
ean occur, but also when accumulation has been inhibited by 
dinitro-o-cresol. 
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added to similar reaction mixtures. 


Glyceride-Glycerol Precursors in the Intestinal Mucosa**} 


GEORGE C. BuELLT AND RAyMoND REISER§ 


From the Department of Biochemistry and Nutrition, Texas Agricultural Experiment Station, College Station, Texas 


(Received for publication, June 24, 1958) 


It has been shown by several workers that fatty acids liberated 
by the hydrolyses of their esters, such as amyl (1), ethyl (2), or 
the optically active mannite (3), appear in the thoracic duct 
chyle as triglycerides. In comparing the absorption of free 
palmitic acid and some of its esters, Lyman (4) found that in 
each case the fat deposited in the tissues was tripalmitin. It 
was assumed, therefore, that the absorbed fatty acids combine 
with glycerol in the intestinal mucosa to form triglycerides (5). 

Recent studies, however, with deutero-glycerol (6, 7), C™- 
labeled glycerol (8), and conjugated trilinolein in which the 
glycerol moiety was labeled (9) showed that free glycerol, in- 
gested with free fatty acid or hydrolyzed from glycerides during 
digestion, does not appear in lymph triglycerides. Reiser and 
Williams (10) found that ingested 1-palmitoxy-3-hydroxyace- 
tone, labeled in the ketone and fatty acid moieties, appeared in 
rat lymph as triglycerides with little loss of glycerol activity. 
They suggested that dihydroxyacetone esterifies with fatty 
acids as the first step in the resynthesis of triglycerides by the 
intestinal mucosa. 

Bublitz and Kennedy (11) have demonstrated, however, that 
liver contains a glycerol kinase, enabling that tissue to in- 
corporate free glycerol into L-a-glycerophosphate, and thence 
into phosphatidic acid (12), triglycerides (13), and phospho- 
lipides (12). This subject has been reviewed by Kennedy (14). 

The studies in vivo indicate that glycerol kinase is not present 
in the mucosa or that free glycerol is so rapidly diluted and 
absorbed that it is not available for glyceride resynthesis during 
fatty acid absorption. 

To test the possibility that there is no glycerol kinase in the 
intestinal mucosa, uniformly labeled fructose diphosphate was 
prepared from uniformly labeled sucrose. The labeled fructose 
diphosphate and aldolase were added to swine intestinal mucosa 
homogenates with the appropriate cofactors to produce the 
probable labeled precursors, dihydroxyacetone and L-a-glycero- 
phosphate, by enzymatic schism (15). Unlabeled dihydroxy- 
acetone phosphate, L-a-glycerophosphate, and glycerol were 
The added unlabeled 


_ “precursors” which did not reduce the activity of the isolated 


glyceride are not glyceride-glycerol precursors. The unlabeled 
“precursors” which did dilute the activity of the resultant 
triglycerides are glyceride-glycerol precursors. Since, by this 


* Presented by George C. Buell in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy. 
t Supported, in part, by grants-in-aid from the National Science 


- Foundation and the Robert A. Welch Foundation. 


t Present address, Mission Pharmaceutical Company, San 
Antonio, Texas. 

§ Department of Biochemistry and Nutrition, Texas Agricul- 
tural and Mechanical College System, College Station, Texas. 


criterion, free glycerol is not a precursor, intestinal mucosa does 
not contain glycerol kinase. 


EXPERIMENTAL 


Materials! 


The barium salt of fructose diphosphate was prepared ac- 
cording to the method of Neuberg and Lustig (15) but in .01 of 
the quantity. The procedure was modified by adding 25 mg. 
of ATP and 0.1 ml. of 0.1 am MgCl. to the fermentation mixture. 
Each gram of sucrose contained 0.1 me. of the uniformly labeled 
sugar. Proof of identity was established on paper chromato- 
grams (16) and radioautograms by comparison with known 
fructose 1 ,6-diphosphate. 

The insoluble barium salts of fructose diphosphate and L-a- 
glycerophosphate were converted to the soluble sodium salts for 
use by adding an equivalent of dry sodium sulfate to their sus- 
pensions in water. 

DPNH was prepared according to Beisenherz et al. (17), but 
modified so that double quantities of dry reagents were used in 
the same volume of water. The wave length of maximal ab- 
sorption was 340 my. Dihydroxyacetone phosphate was pre- 
pared from the cyclohexylamine salt, dimethyl ketal-H,O by 
hydrolysis on Dowex 50-H* resin, according to Ballou and 
Fischer (18). Palmitic acid was recrystallized from alcohol be- 
fore use and dried over CaCle. For use, 200 wmoles (51.2 mg.) 
were dissolved in 2 ml. of Tween 20. Phosphate buffer (0.2 m), 
pH 7.0, was prepared from freshly boiled and cooled distilled 
water. 

Methods 


All solutions were prepared before use with freshly boiled and 
cooled water containing 1 gm. of sodium ethylenediaminetetra- 
acetate (Sequestrene Na.) per |. of water and gassed for 10 
minutes with a mixture of 5 per cent CO2 and 95 per cent N>». 

A small pig approximately 4- to 6-weeks-old was stunned by a 
blow on the head and exsanguinated from the neck. Several feet 
of small intestine were quickly removed slightly below its junc- 
tion with the stomach and immediately placed in cold saline 


1 ATP, glutathione, CoA, and aldolase (crystallized two times), 
were purchased from Nutritional Biochemicals Corporation, 
Cleveland 28, Ohio. Uniformly labelled sucrose was purchased 
from Volk Radiochemical Company, Chicago, Illinois. Diuhy- 
droxvacetone phosphate, as the cyvclohexylamine salt, dimethy!] 
ketal-H2O was purchased from California Foundation for Bio- 
chemical Research, Los Angeles, California, and sodium ethylene- 
diaminetetraacetate (Sequestrene Naz) was purchased from 
Geigy Chemical, 89 Barelay Street, New York, New York. The 
L-a-glycerophosphate was generously supplied by Dr. Erich Baer. 
The palmitie acid was purchased from Matheson, Coleman, and 
Bell, East Rutherford, New Jersey. 
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TABLE [| 
Incorporation of glycerol and its precursors into glyceride-glycerol 
by cell-free intestinal mucosa homogenates or 
its mitochondria-free supernatant * 

Each flask contained 10 wmoles of palmitic acid; 10 wmoles of 
DPNH; 10 umoles of CoA; 5 umoles of glutathione; 10 wmoles of 
labeled fructose diphosphate; 10 uhmoles of ADP; 0.1 ml. of MgCl, 
0.15 M; 5 mg. of aldolase; 0.5 ml. of 0.2 Mm phosphate buffer, pH 
7.0; 1.0 ml. of homogenate or supernatant; and water to 2.5 ml. 


1 | 2 | 3 4t 
at | bt | at | bt | at | bt 
c.p.m§ c.p.m§ c.p.m§ C.p.m§ 
Labeled fructose, | | | | 
1,6-diphosphate | | | 
3730 «63724 «5040 | 5040 | 4954 
No added precur- | | | 
1380 | 1390 «841 870, 990 | 990 | 1850 
Added dihydroxy- | | | 
acetone phos- | | 
590 1000 +510) | 3310 |: 1110 
Added _L-a-glyc- | | | 
erophosphatef§.. 600 610 440 405 460 470 1400 
Added glycerolf.. 1140 1250 850 900 | 900 | 930 | 1710 
| | 


* Washed mitochondria were found to be inactive. 
+ Cell free homogenate. 

t Mitochondria-free supernatant. 

§ Total counts per minute incorporated. 

10 wpmoles per flask. 


solution in a beaker immersed in ice. 4- to 5-inch sections were 
cut off, flushed with cold saline solution, and slit lengthwise, and 
the exposed mucosa was scraped into a watch glass modified with 
a lip. 

10 per cent cell-free homogenates were prepared from the 
intestinal mucosa, in 0.6 per cent sodium chloride in a chilled 
Elvehjem-Potter homogenizer and cellular debris was removed 
by centrifugation at 3000 r.p.m. for 3 minutes in a Servall angle 
centrifuge. Mitochondria-free preparations were obtained by 
centrifugation at 10,000 x g for 15 minutes. 1-ml. quantities 
of the enzyme preparation were added to 25-ml. graduated glass- 
stoppered cylinders containing all the cofactors (Table I), ex- 
cept DPNH and aldolase which were then added in that order. 
All operations were conducted at 0-6°. 

The significance of dihydroxyacetone phosphate, L-a-glycero- 
phosphate and glycerol as glyceride-glycerol precursor was 
determined by adding 5 ywmoles of each of these unlabeled com- 
pounds to cylinders containing the complete system, including 
labeled fructose diphosphate. 

The cylinders were incubated at 40° for 2 hours in an atmos- 
phere of 5 per cent CO.-95 per cent N». At the end of the in- 
cubation period, 1 ml. of 10 per cent mercuric acetate in acetic 
acid was added to destroy any palmitoyl-CoA and the cylinders 
were heated in a boiling water bath for 3 minutes. 

The inactivated incubation mixtures were each boiled for 3 
minutes with 3 ml. of ethyl alcohol, cooled, and 3 ml. each of 
ether and Skellysolve B were added. The cylinders were then 
shaken thoroughly for 5 minutes and the upper solvent phase 
was removed. This was repeated three times, the pooled sol- 
vents removed in a stream of nitrogen and the residue dissolved 
in 50 ml. of dry ether. 5 gm. of pulverized Ba(OH).-8H.O 
were then added to the ether solution and the mixture was 
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swirled and rotated thoroughly for 5 minutes. After filtration 
and evaporation of the ether, the residue was dissolved in 50 
ml. of chloroform, 5 gm. of silicic acid (Merck) were added, and 
the mixture was thoroughly agitated and swirled for 3 to 5 
minutes to remove any phospholipide. After filtration, the 
chloroform was evaporated in a stream of nitrogen and the 
residue transferred quantitatively to separatory funnels with 
several 10-ml. portions of Skellysolve B. The solution was 
extracted three times with 10 per cent ammonium hydroxide in 
50 per cent alcohol to remove residual fatty acids and any 
monoglycerides. The final Skellysolve B solution was dried 
over anhydrous Na2SO, and transferred to 25-ml. beakers, and 
the solvent was removed with nitrogen. ‘The identity of the 
lipide as triglyceride was established on silicic acid-impregnated 
glass fiber filter paper according to Dieckert and Reiser (19). 
The residue was dissolved in 1 ml. of Skellysolve B and 0.1-ml. 
aliquots were then plated on planchets. Under these conditions 
the amount of fat plated is at infinite thinness and the degree 
of incorporation is proportional to the counts per minute. A 
total of 5000 counts was made.* The observed counts per 
minute times 10, equal the total counts incorporated into tri- 
glycerides. 


RESULTS AND DISCUSSION 
It is readily apparent from the data in Table I that the addi- 


tion of unlabeled glycerol to the reaction mixture results in no | 
reduction in the amount of labeled fructose diphosphate in- | 


corporated in the glyceride-glycerol. 
therefore, that glycerol is not the precursor of glyceride-glycerol 
in the intestinal mucosa, and that the mucosa contains no 
glycerol kinase demonstrable under these conditions. This is in 
confirmation of the studies in vivo (6-10). Unlabeled dihydroxy- 
acetone phosphate and L-a-glycerophosphate both pronouncedly 
reduce the amount of labeled fructose diphosphate incorporated 
into the resultant glyceride-glycerol and must, therefore, be 
intermediates. t-a-glycerophosphate must be the immediate 
precursor. 

It is also apparent that the enzymes concerned are in the 
supernatant fraction of the mucosa homogenate after centrifuga- 
tion at 10,000 x g for 15 minutes and not in the mitochondria. 

In preliminary studies to test the requirement of the system 
for the cofactors, labeled palmitic acid and unlabeled fructose 


diphosphate were used. The isolated triglycerides contained © 
In the absence of added fructose diphosphate 


the labeled acid. 
only trace amounts of labeled triglycerides were found. 


SUMMARY AND CONCLUSIONS 


Cell-free homogenates of the intestinal mucosa of swine were 


incubated with palmitic acid, C-labeled fructose diphosphate, 


and appropriate cofactors. The label appeared in the glycerides | 
isolated from the reaction mixture. The addition of either 


unlabeled dihydroxyacetone phosphate or L-a-glycerophosphate 
diluted the activity of the resultant glyceride, but free glycerol 
did not. 
the homogenate. 

It is concluded, therefore, that the intestinal mucosa does not 
contain glycerol kinase, or that it is not demonstrable by the 
conditions used, and that L-a-glycerophosphate is the immediate 
precursor of glyceride-glycerol. 


2 Nuclear-Chicago Gas Flow Counter, model D-47, C-111 Print- 
ing Timer, and model D-181 Scaler. 


The activity was in the mitochondria-free fraction of 


One must conclude, 
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In a previous publication we reported that an enzyme system 
present in extracts of rat kidney converts inositol to pi-glu- 
curonic acid (1). The racemic nature of the isolated uronic 
acid was demonstrated by selective utilization of the p-isomer 
by Escherichia coli adapted to grow only on p-glucuronic acid 
as the sole source of carbon. The unused isomer was isolated 
and shown to have an optical rotation similar to that of L-glu- 
curonic acid. We have now been able to obtain the enzyme 
responsible for the formation of p-glucuronate free from the 
system that forms the L-isomer. The present paper deals with 
the purification and properties of the enzyme that cleaves 
inositol to p-glucuronie acid. 


EXPERIMENTAL 


Materials 


Inositol monophosphate was prepared according to the method 
of McCormick and Carter (2) and myo-inosose-2 was prepared 
by the method of Posternak (3). b- and L-inositols as well as 
p-myo-inosose-1 and L-myo-inosose-1 were all crystalline com- 
pounds of high degree of purity prepared and generously given 
to us by Dr. Laurens Anderson. Scyllitol and pinitol were gifts 
from Dr. Boris Magasanik. Calcium phosphate gel was pre- 
pared by the method of Wood (4) and alumina Cy, by the 
method of Dawson and Magee (5). Both had been aged for 4 
to 5 months at 10° before they were used. Norit A was ob- 
tained from the Pfanstieh] Chemical Company. It was washed 
with 0.5 nN HCl and large volumes of demineralized water fol- 
lowed by drying at 110° for 12 hours. Dowex 1-X10 obtained 
from the Dow Chemical Company was used in the acetate form, 
and Amberlite IR-120 was obtained from Rohm and Haas 
Company and was used in the ammonium form. The remaining 
compounds were purchased from commercial sources. 


Analytical Methods 


Glucuronic acid and inositol were determined as described 
earlier (1). During purification of the enzyme, protein con- 
centrations were determined spectrophotometrically in the 
Beckman model DU spectrophotometer according to the method 
of Warburg and Christian (6). FAD and riboflavin phosphate 
were determined fluorometrically (7) in an Eppendorf flu- 
orometer. DPN was determined enzymatically with crystalline 
yeast alcohol dehydrogenase (8) or cystalline muscle lactic 

* Supported by Grant No. C-2228 (C481) of the National In- 


stitutes of Health, United States Public Health Service, Bethesda, 
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dehydrogenase. 
chymotrypsin were obtained from the Worthington Biochemical 
Corporation. TPN was determined spectrophotometrically (9) 
with glucose 6-phosphate dehydrogenase prepared by the method 
of Kornberg and Horecker (10). 


Total iron was determined, after preliminary wet ashing, — 
by a microadaptation of the o-phenanthroline method described — 


by Ballentine and Burford (11); inorganic iron was determined 
by the same method after removal of the protein by heat co- 
agulation. In all analytical work distilled, demineralized water 


was used. All glassware was washed with hot nitric acid and © 
rinsed eight times each with tap water, distilled water, and — 
0.8 ml. of each of the following solutions | 
was added in the order indicated: a solution of ashed sample, | 


demineralized water. 


pH 4.0; 1 m acetate buffer, pH 4.0; a 0.5 per cent solution of 
o-phenanthroline; and a 10 per cent solution of hydroxylamine 
hydrochloride. 
and cooled. 
photometrically at 500 mu. The extinction coefficient, obtained 
with a standard solution of ferric nitrate, was 0.193 per ug. of 


iron per ml. of reaction mixture over a range of 0.06 to 4.0 ug. | 
The total iron values were corrected, when necessary, | 
for any hemin iron which was estimated from the hemin content / 


per ml. 


of the sample. The latter was determined by the reduced pyri- | 
dine hemochromogen method of Drabkin (12) and by 
benzidine method of Creditor (13). Both methods agree within 
5 per cent. Recoveries of iron added to the enzyme solution, 
which was processed as described above, ranged from 98 to 101 
per cent. Other metal analyses were for copper, cobalt, and 


Both enzymes as well as crystalline trypsin and | 


The mixture was incubated at 38° for 30 minutes } 
The intensity of the color was determined spectro- | 


zinc (11). A spectroscopic examination for metals was ped 


performed with the use of an ashed sample of the purified enzyme ~ 


by the Bridgeport Testing Laboratory, Inc. 
Assay of Enzymatic Activity—The incubation was carried out t 


in test tubes containing 0.1 M inositol; 0.1 mM phosphate buffer, © 


pH 7.2; 0.2 ml. of enzyme solution; and water to a 1-ml. final | 
volume. The tubes were gassed with oxygen and incubated at f 
35° for 15 minutes. At the end of the incubation, the tubes were 
immersed in boiling water for 2 minutes, cooled in cold tap water, : 
and centrifuged to remove any protein precipitate. Aliquots of 
the supernatant fluid were assayed for glucuronic acid formed 


(1). 
Purification of Enzyme | 


Supernatant Fluid—Male adult rats were decapitated, and the : 
kidneys were removed and placed in cracked ice. The kidneys 
were then decapsulated, minced with a scissors, and homogenized 
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in a Potter-Elvehjem apparatus. A 20 per cent homogenate 
was prepared in a medium containing 0.1 mM phosphate buffer, 
pH 7.2; and 0.07 mM KCI. The homogenate was centrifuged in a 
Spinco ultracentrifuge at 37,000 r.p.m. for 30 minutes with the 
use of rotor No. 40. The clear supernatant fluid was dialyzed 
against 500 volumes of demineralized water at 0° for 2 hours. 

Treatment with Dowex 1 Resin—For every 100 ml. of super- 
natant fluid, 50 gm. (wet weight) of Dowex 1-X10 resin (acetate 
form) were added, and the mixture was stirred gently at 0° for 
10 minutes. The resin was removed by rapid filtration through 
glass wool in the cold room. 

Ammonium Sulfate Fractionation—For every 100 ml. of 
enzyme solution obtained from the previous step, 20.9 gm. of 
solid ammonium sulfate were added slowly with stirring at 0°. 
The pH was maintained at 7.2 by the dropwise addition of 3 N 
NH,OH. ‘The suspension was allowed to stand for 15 minutes 
at 0°, and the precipitate was removed by centrifugation in an 
International refrigerated centrifuge and discarded. To the 
clear supernatant fluid more solid ammonium sulfate was added 
to give 45 per cent saturation (for 100 ml. of solution 6.2 gm. 
of ammonium sulfate were added). The suspension was placed 
in an ice bath for 15 minutes, and the precipitate was collected 
by centrifugation and dissolved in ice-cold demineralized water 
to give a protein concentration of approximately 14 mg. per ml. 

Calcium Phosphate Gel Treatment—The enzyme solution from 
the previous step was dialyzed against 500 volumes of de- 
mineralized water at 0° for 2 hours and was then treated with 
‘alcium phosphate gel. For every 100 ml. of enzyme solution 
containing 1.3 gm. of protein, 37 ml. of the gel suspension, 
containing 2.07 gm. (dry weight) of gel, were added dropwise 
with stirring at O°. Stirring was continued for 10 minutes 
followed by centrifugation in the International refrigerated 
centrifuge. The clear supernatant fluid was treated once more 
with caletum phosphate gel as described above. A light vellow 
solution containing the enzyme system (fraction C2, Table I, 
below) was thus obtained. 

Adsorption of Alumina Cy—The alumina Cy suspension 
containing 16.1 mg. of alumina (dry weight) per ml. was added 
to the enzyme solution dropwise with stirring at 0°. The amount 
of gel added was such that the ratio of gel (milligrams, dry weight) 
to protein was 1. After being stirred for 10 minutes, the enzyme 
solution was centrifuged and the supernatant fluid (Fraction A1, 
Table I, below) containing the enzyme system was treated once 
more with alumina gel so that the ratio of gel to protein was now 
2. The suspension was stirred and centrifuged as before, and 
the precipitated alumina which adsorbed all of the enzymatic 
activity was used in the following step. 

Elution of Enzyme from Alumina Cy—Selective elution of the 
enzyme from alumina was achieved with phosphate buffer by 
carefully controlling the volume, the molarity, and the pH of 
the buffer. After many preliminary experiments it was found 
that the procedure that gave the best and most reproducible 
results was the following. For every milligram of protein 
adsorbed on the alumina, 1 ml. of 0.01 mM phosphate buffer, pH 
7.0, was added, and the mixture was stirred gently for 10 minutes 
at O°. After centrifugation in the International refrigerated 
centrifuge, the supernatant fluid containing impurities was 
discarded. The residue was treated once more in an identical 
manner with the same amount (irrespective of the lesser amount 
of protein now remaining on the alumina) of phosphate buffer 
as was used in the first elution. The supernatant fluid thus 
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obtained, containing only a trace of the enzymatic activity, was 
discarded. The alumina finally was suspended in the same 
amount of 0.05 m phosphate buffer pH 7.0 as was used above 
and was stirred for 10 minutes at 0°. The supernatant fluid 
obtained after centrifugation contained all the enzymatic 
activity (Fraction £3, Table 1, below). The enzyme solution is 
water-clear with a very faint vellow color at a concentration of 
10 mg. of protein per ml. 

Norit A and Dowex 1 Treatment—The enzyme solution ob- 
tained from the previous step was treated with Norit A (1 mg. 
per mg. of protein) and was stirred gently for 10 minutes at 0°. 
It was then centrifuged in the International refrigerated centri- 
fuge, and the supernatant fluid containing traces of colloidal 
Norit was passed through a 3 x 0.7-em. column of Dowex 
1-X10 (acetate form) at 5°. The filtrate containing the enzyme 
was water-clear and almost colorless at a coneentration of 10 
mg. of protein per ml. 


RESULTS 


Table I summarizes the purification procedure of the inositol- 
cleaving enzyme. Starting with 20 rat kidneys, the entire 
procedure takes about 12 hours and can be interrupted at the 
completion of the calcium phosphate gel step (Fraction C2). 
Because of the lability of the enzyme system in air (see ‘Stability 
and Reaction Inactivation of the Enzyme,” below), Fraction 
(2 was transferred into a large Erlenmeyer flask so that the 
thickness of the liquid layer was less than 1 ¢m., and was gassed 
for 5 minutes at 0° with pure nitrogen or hydrogen gas. The 
stoppered flask was stored at —20° until the next dav when the 
solution was thawed at room temperature and the purification 
resumed. The last column of Table I gives the optical rotations 
of the glucuronolactones derived from the glucuronic acids at 
each fractionation step. The glucuronic acid preparations were 
isolated after incubation of inositol with each enzyme fraction 
as described previously (1). It is seen that the enzyme system 
responsible for the formation of L-glucuronic acid from inositol 
was adsorbed on the calcium phosphate gel and there was left 
behind the enzyme that exclusively forms b-glucuronic acid. 
The specific activity values of the first three purification steps 
refer, by necessity, to the combined system that forms both 
isomers; those of the remaining steps refer to the enzyme that 
forms only the p-isomer. 

The absorption spectrum of a neutral solution of the purified 
enzyme (3) is shown in Fig. 1. It exhibits two maxima at 


TABLE I 
Purification of inositol-cleaving enzyme 


Fractionation step units* | activity* 
Spinco supernatant fluid. ...... 444 | 0.8 | no rotation 
Dowex | filtrate. .............. 1110 2.0 no rotation 
Ammonium sulfate 35-45% sat- | 
Caleium phosphate gel (C2)....) 808 60.0 | +18.6° 
Alumina Cy (Al)............... 646 180.0 +19.0° 
Alumina Cy (B3)............... 202 360.0 +18.7° 
Norit and Dowex 1 filtrate... 175 382.0 +18.6° 


* Units permg. of protein. A unit is that amount of enzyme that 
catalyzes the formation of 1 umole of gluecuronate per hour at 35°. 
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Fic. 1. Absorption spectrum of the purified inositol-cleaving 


300 


enzyme in 0.1 M phosphate buffer pH 7.1. The insert represents 
a magnified drawing of the spectrum at the region of the smaller 
absorption maximum before (upper curve) and after (lower 
curve) treatment of the enzyme solution with Norit A. 


9275 and 415 my anda sharp absorption minimum at 250 muy. 
The insert is a magnified plot of the region at the smaller peak 
before (upper curve) and after (lower curve) treatment of the 
enzyme solution with Norit A. The ratio of the optical densities 
at 275 to 260 my of the enzyme solution at the last two stages of 
purification was 1.64 or greater. The absorption at 415 my was 
not affected by treating the enzyme solution with Dowex | 
(acetate form), Amberlite [R-120 (ammonium form), potassium 
evanide at pH 7.5, hydroxylamine hydrochloride, or o-phenan- 
throline. Sodium hydrosulfite caused a 10 per cent decrease of 


the absorption without shifting the peak. 

Sedimentation Analysts and Approximate Molecular Weight— 
Ultracentrifugal analyses were performed with a Spinco model I 
Dr. 


ultracentrifuge; Verne Schumaker of our department 


Fic. 2. Sedimentation pattern of the purified inositol-cleaving 
enzyme obtained with the synthetic boundary cell. The protein 
concentration was 0.6 per cent in 0.005 m phosphate buffer, pH 
7.1, containing 0.05 m NaCl. The rotor speed was 59,780 r.p.m., 
and the photograph was taken 26 minutes after formation of the 
boundary. 
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collaborated in these analyses. <A typical sedimentation pattern 
is shown in Fig. 2. The various samples of the purified enzyme 
to be analyzed were dialyzed for 18 hours at 5° against 0.005 
M phosphate buffer, pH 7.1, containing 0.05 m NaCl. Sedi- 
mentation constants measured at protein concentrations of (0.1, 
0.3, and 0.6 per cent were 4.35 8, 4.44.8, and 4.125, respectively. 
From these values the sedimentation constant extrapolated to 
zero concentration of the enzyme was estimated to be 4.49 §, 
The diffusion coefficient calculated by the height-area method 
from a synthetic boundary-cell run was 5.1 see.~! 
The protein concentration was 0.3 per cent in the same buffer 
mentioned above, and the speed was 14,290 r.p.m. (14). From 
these measurements and the assumption of a partial specific 
volume of the enzyme of 0.73, a molecular weight of 7.4 x 10! 
was calculated. As an independent method for obtaining the 
molecular weight of the enzyme, the approach to sedimentation 
equilibrium method was used. From the deflection of the base 
line at the meniscus region (Fig. 3) the molecular weight was 
calculated as described by Schachman (15) and was found to be 
6.6 < 10% The minimal molecular weight calculated from the 
iron content of the purified enzyme was 6.3 X 10 (see ‘Iron 
Content of Knzyme,” below). An average value of 6.8 x 10! 
will be used as the minimal molecular weight of the enzyme, 

Moving Boundary Electrophoresis—The purified enzyme was 
examined in the Perkin-Elmer model 38A electrophoresis ap- 
paratus with the use of 0.005 mM phosphate buffer containing 
0.05 M NaCl at pH 6.0, 7.0, and also 7.8. The enzyme solution 
containing | per cent protein was dialyzed overnight against the 
respective buffer. In all cases, only one symmetrical, moving 
boundary was present. A_ typical pattern is 
shown in Fig. 4. The mobility at pH 7.8 was calculated to be 
2.11 and 2.18 ¢m.? see.~! the ascending 
and the descending sides respectively; at pH 7.0 the mobility 
was 2.0 10°° em.? sec.-! volt"! for both the ascending and 
descending sides. 

Both the electrophoretic and sedimentation patterns indicated 
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Fic. 3. Schlieren pattern of the purified inositol-cleaving en- 
zyme during the approach to sedimentation equilibrium. Ul- 
tracentrifuge speed was 14,290 r.p.m. The schlieren diaphram 
was angle 85°. The protein concentration was 0.6 per cent in 
0.005 m phosphate buffer, pH 7.1, containing 0.05 m NaCl. The 
photograph was taken 8 minutes after reaching speed. 
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the presence of a single component only. However, a careful 
analysis of the sedimenting boundary at high speeds (59,870 
r.p.m.) and for long periods (40 minutes) revealed a slight 
asymmetry of the leading side of the boundary, amounting to 
less than 10 per cent of the area. 

Stoichiometry—The stoichiometry of the oxidative cleavage of 
inositol to p-glucuronic acid by the purified enzyme was studied 
in Warburg flasks, and the amount of inositol utilized, glucuron- 
ate formed, and oxygen consumed were determined as described 
earlier. Table II presents the conditions and the results of this 
experiment. It is seen that for every mole of inositol utilized 1 
mole of glucuronate was formed, and 1 mole of oxygen was 
consumed. 

The cleavage of inositol to glucuronic acid is an irreversible 
reaction. In a number of experiments in which uniformly 
C-labeled p-glucuronate or p-glucuronolactone was incubated 
with or without inositol in the presence of the purified enzyme, 
it was found that the reisolated imositol contained no C'. In 
similar experiments addition of DPNH, TPNH, or tetrahydro- 
folic acid failed to reverse the reaction. 

Michaelis Constant—The effect of substrate concentration on 
the enzymatic activity was studied under the usual assay condi- 
tions, and the results were plotted as shown in Fig. 5. From 
the double reciprocal plot, the A,, value for inositol was cal- 
culated to be 2.21 10>? M. 

Turnover Number—On the assumption of a molecular weight 
of 6.8 X 104, a specific activity of 382 corresponds to a turnover 
number of 433 moles of inositol metabolized per mole of enzyme 
per minute at 35° at pH 7.2. 

Inhibition by Chelating Agents—Metal-binding agents such 
as cyanide, azide, 8-hydroxyquinoline, and others inhibit the 
enzymatic activity when they are added to the incubation 
mixture. The extent of inhibition with various metal-binding 
agents is shown in Table III. The results of this study indicate 
that the accessibility of the metal on the enzyme to the chelating 
agent varies considerably among the various chelating agents. 
Some of the compounds mentioned in Table III, such as cyanide 
and hydroxylamine, apart from being good chelating agents are 
strong carbonyl reagents. ‘This property may enhance their 
inhibitory action if a carbonyl! intermediate is assumed to be 
formed in the conversion of inositol to glucuronic acid. The 
enzyme is insensitive to carbon monoxide. 

A number of nucleotides and other compounds which can 
form stable complexes with metals were found to cause marked 
inhibition of the inositol-cleaving enzyme. The results of this 
study are summarized in Table IV. 

Tron Content of Enzyme—The results obtained with the che- 
lating agents suggested that a metal may be an integral part 
of the inositol-clesving enzyme. In a preliminary qualitative 
survey for the presence of some of the more common metals in 
the enzyme solution at various stages of purification, it was 
discovered that be and, nonhemin iron was always present. <A 
quantitative determination of iron was then undertaken and 
was carried out »mrough the entire purification procedure. 
Inorganic, total, and hemin iron were determined as described 
earlier in this paper. The results of this study are summarized 
in Table V. It is seen that as the specific activity of the enzyme 
increased (a) so did the concentration of the bound, nonhemin 
iron (b). The ratio of the specific activity to the iron concentra- 


tion remained fairly constant during the purification (last column 
of Table V). 


Hemin iron, amounting to 10 per cent of the total, 
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Fic. 4. The electrophoretic pattern of the purified inositol- 
cleaving enzyme. The protein concentration was 10 mg. per ml. 
in 0.005 m phosphate buffer, pH 7.8, containing 0.05 m NaCl. As- 
cending boundary after 8070 seconds at 4.93 volts per em. 


TaBLe II 

Stoichiometry of reaction catalyzed by inositol-cleaving enzyme 

The reaction mixture containing 200 uwmoles of inositol; 300 
umoles of phosphate buffer, pH 7.2; 75 ug. of purified enzyme 
(specific activity 370); and water to a final volume of 3 ml. was 
placed in the main compartment of a Warburg flask and was 
gassed with oxygen. After temperature equilibration at 35°, 
measurement of oxygen uptake was begun. After 40 minutes, 
when oxygen uptake had ceased, a second aliquot of enzyme was 
added and measurement of oxygen uptake was resumed. This 
was repeated for a third time. At the end of the incubation the 
amount of inositol remaining and the amount of glucuronate 
formed were determined as described earlier. Duplicate flasks 
as well as flasks containing heat-inactivated enzyme were run 
simultaneously. 


No. | Inositol utilized Oxygen uptake _ Glucuronate formed 
pmoles pmoles | pmoles 
1 24.8 24.9 25.0 
2 25.6 25.2 25.6 
0.040 
0.032 
0.024 
in 
0.016 
0008 


Fic. 5. Effect of substrate concentration on the initial (first 10 
minutes) reaction rate. The data are plotted by the Lineweaver- 
Burk method. 50ug. of the purified enzyme were incubated under 
the conditions described in the ‘‘Assay of Enzymatic Activity.”’ 
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Fic. 1. Absorption spectrum of the purified inositol-cleaving 
enzyme in 0.1 M phosphate buffer pH 7.1. The insert represents 
a magnified drawing of the spectrum at the region of the smaller 
absorption maximum before (upper curve) and after (lower 
curve) treatment of the enzyme solution with Norit A. 


975 and 415 my and a sharp absorption minimum at 250 mu. 
The insert is a magnified plot of the region at the smaller peak 
before (upper curve) and after (lower curve) treatment of the 
enzyme solution with Norit A. The ratio of the optical densities 
at 275 to 260 my of the enzyme solution at the last two stages of 
purification was 1.64 or greater. The absorption at 415 my was 
not affected by treating the enzyme solution with Dowex | 
(acetate form), Amberlite [R-120 (ammonium form), potassium 
evyanide at pH 7.5, hydroxylamine hydrochloride, or o-phenan- 
throline. Sodium hydrosulfite caused a 10 per cent decrease of 
the absorption without shifting the peak. 

Sedimentation Analysis and Approximate Molecular Weight— 
Ultracentrifugal analyses were performed with a Spinco model EF 
ultracentrifuge; Dr. Verne Schumaker of our department 
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collaborated in these analyses. <A typical sedimentation pattern 
is shown in Fig. 2. The various samples of the purified enzyme 
to be analyzed were dialyzed for 18 hours at 5° against 0.005 
M phosphate buffer, pH 7.1, containing 0.05 m NaCl. Sedi- 
mentation constants measured at protein concentrations of 0.1, 
0.3, and 0.6 per cent were 4.35 5, 4.44 5, and 4.12 5, respectively. 
From these values the sedimentation constant extrapolated to 
zero concentration of the enzyme was estimated to be 4.49 §. 
The diffusion coefficient calculated by the height-area method 
from a synthetic boundary-cell run was 5.1 10°7 em.? 
The protein concentration was 0.3 per cent in the same buffer 
mentioned above, and the speed was 14,290 r.p.m. (14). From 
these measurements and the assumption of a partial specific 
volume of the enzyme of 0.73, a molecular weight of 7.4 x 10! 
was calculated. As an independent method for obtaining the 
molecular weight of the enzyme, the approach to sedimentation 
equilibrium method was used. From the deflection of the base 
line at the meniscus region (Fig. 3) the molecular weight was 
‘calculated as described by Schachman (15) and was found to be 
6.6 < 10¢. The minimal molecular weight calculated from the 
iron content of the purified enzyme was 6.3 x 10* (see ‘‘Tron 
Content of Enzyme,” below). An average value of 6.8 x 10! 
will be used as the minimal molecular weight of the enzyme. 

Moving Boundary Electrophoresis—The purified enzyme was 
examined in the Perkin-Elmer model 38A electrophoresis ap- 
paratus with the use of 0.005 mM phosphate buffer containing 
0.05 mM NaCl at pH 6.0, 7.0, and also 7.8. The enzyme solution 
containing 1 per cent protein was dialyzed overnight against the 
respective buffer. In all cases, only one symmetrical, moving 
boundary was present. A typical electrophoresis pattern is 
shown in Fig. 4. The mobility at pH 7.8 was calculated to be 
2.11 and 2.18 ¢m.* see.~! volt~! on the ascending 
and the descending sides respectively; at pH 7.0 the mobility 
was 2.0 10°° cm.? sec.-' volt-! for both the ascending and 
descending sides. 

Both the electrophoretic and sedimentation patterns indicated 


Fic. 2. Sedimentation pattern of the purified inositol-cleaving 
enzyme obtained with the synthetic boundary cell. The protein 
concentration was 0.6 per cent in 0.005 mM phosphate buffer, pH 
7.1, containing 0.05 mM NaCl. The rotor speed was 59,780 r.p.m., 
and the photograph was taken 26 minutes after formation of the 


boundary. 


Fig. 3. Schlieren pattern of the purified inositol-cleaving en- 
zyme during the approach to sedimentation equilibrium. UI- 


tracentrifuge speed was 14,290 r.p.m. The schlieren diaphram 


The protein concentration was 0.6 per cent in 
The 


was angle 
0.005 m phosphate buffer, pH 7.1, containing 0.05 m NaCl. 
photograph was taken 8 minutes after reaching speed. 
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the presence of a single component only. However, a careful 
analysis of the sedimenting boundary at high speeds (59,870 
r.p.m.) and for long periods (40 minutes) revealed a. slight 
asymmetry of the leading side of the boundary, amounting to 
less than 10 per cent of the area. 

Stoichiometry—The stoichiometry of the oxidative cleavage of 
inositol to p-glucuronic acid by the purified enzyme was studied 
in Warburg flasks, and the amount of inositol utilized, glucuron- 
ate formed, and oxygen consumed were determined as described 
earlier. Table II presents the conditions and the results of this 
experiment. It is seen that for every mole of inositol utilized 1 
mole of glucuronate was formed, and 1 mole of oxygen was 
consumed, 

The cleavage of inositol to glucuronic acid is an irreversible 
reaction. In a number of experiments in which uniformly 
C-labeled p-glucuronate or b-glucuronolactone was incubated 
with or without inositol in the presence of the purified enzyme, 
it was found that the reisolated inositol contained no C'%. In 
similar experiments addition of DPNH, TPNH, or tetrahydro- 
folic acid failed to reverse the reaction. 

Michaelis Constant—The effect of substrate concentration on 
the enzymatic activity was studied under the usual assay condi- 
tions, and the results were plotted as shown in Fig. 5. From 
the double reciprocal plot, the A, value for inositol was cal- 
culated to be 2.21 M. 

Turnover Number—On the assumption of a molecular weight 
of 6.8 X 104, a specific activity of 382 corresponds to a turnover 
number of 433 moles of inositol metabolized per mole of enzyme 
per minute at 35° at pH 7.2. 

Inhibition by Chelating Agents—Metal-binding agents such 
as cyanide, azide, 8-hydroxyquinoline, and others inhibit the 
enzymatic activity when they are added to the incubation 
mixture. The extent of inhibition with various metal-binding 
agents is shown in Table III. ‘The results of this study indicate 
that the accessibility of the metal on the enzyme to the chelating 
agent varies considerably among the various chelating agents. 
Some of the compounds mentioned in Table III, such as cyanide 
and hydroxylamine, apart from being good chelating agents are 
strong carbonyl reagents. This property may enhance their 
inhibitory action if a carbonyl intermediate is assumed to be 
formed in the conversion of inositol to glucuronic acid. The 
enzyme is insensitive to carbon monoxide. 

A number of nucleotides and other compounds which can 
form stable complexes with metals were found to cause marked 
inhibition of the inositol-cleaving enzyme. The results of this 
study are summarized in Table IV. 

Tron Content of Enzyme—The results obtained with the che- 
lating agents suggested that a metal may be an integral part 
of the inositol-cleeving enzyme. In a preliminary qualitative 
survey for the presence of some of the more common metals in 
the enzyme solution at various stages of purification, it was 
discovered that be and, nonhemin iron was always present. A 
quantitative determination of iron was then undertaken and 
was carried out mrough the entire purification procedure. 
Inorganic, total, and hemin iron were determined as described 
earlier in this paper. The results of this study are summarized 
in Table V. It is seen that as the specific activity of the enzyme 
increased (a) so did the concentration of the bound, nonhemin 
iron (6). The ratio of the specific activity to the iron concentra- 


tion remained fairly constant during the purification (last column 
of Table V). 


Hemin iron, amounting to 10 per cent of the total, 


Charalampous 


Fig. 4. The electrophoretic pattern of the purified inositol- 
cleaving enzyme. The protein concentration was 10 mg. per ml. 
in 0.005 m phosphate buffer, pH 7.8, containing 0.05 m NaCl. As- 
cending boundary after 8070 seconds at 4.93 volts per em. 


II 

Stoichiometry of reaction catalyzed by inositol-cleaving enzyme 

The reaction mixture containing 200 umoles of inositol; 300 
umoles of phosphate buffer, pH 7.2; 75 wg. of purified enzyme 
(specific activity 370); and water to a final volume of 3 ml. was 
placed in the main compartment of a Warburg flask and was 
gassed with oxygen. After temperature equilibration at 35°, 
measurement of oxygen uptake was begun. After 40 minutes, 
when oxygen uptake had ceased, a second aliquot of enzyme was 
added and measurement of oxygen uptake was resumed. This 
was repeated for a third time. At the end of the incubation the 
amount of inositol remaining and the amount of glucuronate 
formed were determined as described earlier. Duplicate flasks 
as well as flasks containing heat-inactivated enzyme were run 
simultaneously. 


No. | Inositol utilized Oxygen uptake  Glucuronate formed 
pmoles pmoles | moles 
1 | 24.8 24.9 25.0 
2 | 25.6 25.2 25.6 
0.040 
0.032 
0.024 
0.016 
0008 
a 
Ss 


Fic. 5. Effect of substrate concentration on the initial (first 10 
minutes) reaction rate. The data are plotted by the Lineweaver- 
Burk method. 50ug. of the purified enzvme were incubated under 
the conditions described in the ‘‘Assay of Enzymatie Activity.’’ 
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III 
Inhibition by chelating agents 

The following compounds at a concentration of 0.01 M were 
not inhibitory: Versenol 120 (N-hydroxyvethylenediaminetri- 
acetic acid), Versene Fe-3 Specific (N’, N-dihydroxyethy] glycine), 
and Versene. Pyrophosphate and citrate at 0.1 M were also with- 
out effect. 50 wg. of the purified enzyme were incubated under 
the conditions described in the ‘‘Assay of Enzvmatie Activity.” 


Inhibitor Final concentration 
5 X 82 
1.5 X 10-3 100 
8-Hydroxyquinoline............... 5 X 13 
3.0 X 91 
96 
Quinacrine hydrochloride.......... 15 
Furoy Ithiofluoroacetone........... 10 
TaBLeE 
Inhibition by nucleotides and other compounds 
“Inhibi- | Inhibi- 
' Inhibitor* tion of | Inhibitor* tion of 
activity | | activity 
ve | % 
0 | Tetrahydrofolie acid.. 88 
64 | Menadione............. 92 


* The final concentration of the inhibitor was 4 X 1074 m for 
riboflavin phosphate, FAD, DPN, TPN, and menadione, and 
1 X 10-3 m for the remaining compounds. 50 ug. of the purified 
enzyme were incubated under the conditions described in the 
‘‘Assav of Enzymatic Activity.” 

+ UDPG, uridine diphosphoglucose. 


TABLE V 
Tron content of enzyme 
The (a):(b) value of five different preparations at the final 
stage of purification varied between 22 and 23, and the (b) value 
varied between 15.5 and 16.4. 


(b) | 


Stage of purification Specific Iron per mg.| (a): 

activity* of protein | 

mpeg. atom | 

Ammonium sulfate..... ........... | 
35-45% saturation. 6.0 0.26 23.0 
Calcium phosphate eel (C2). a 60.0 2.70 22.2 
Alumina Cy (E3)... 16.00 22.5 
Norit-Dowex I filtrate.............. 382.0 6.00 | 22.5 
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* Units per mg. of protein. 


was present only at the ammonium sulfate step of the purifica- 
tion and only a trace (1 per cent of total) was present in Fraction 
C2. The inorganie iron, which included any iron released by 
heat coagulation of the enzyme, was less than 5 per cent of the 
total at all stages of the purification. All enzyme preparations 
were dialyzed for 3 hours at 0° against two changes of 500 
volumes of 1 xX 10-5 mM Versene (ethylenediaminetetraacetate) 
at pH 7.0 before they were analyzed for iron. The iron content 
of five different preparations at the final stage of purification 
ranged from 15.5 to 16.4 mug. atoms per mg. of protein with an 
average value of 16.0. This is equivalent to 0.09 per cent by 
weight. From this value a minimal molecular weight of 63,000 
was calculated. 

The ease with which the iron of the enzyme is released depends 
on the method of denaturation of the protein. Boiling for 2 
minutes releases less than 5 per cent of the bound iron, but 
denaturation with trichloroacetic acid (5 per cent final concentra- 
tion) at room temperature releases 90 to 92 per cent. Dialysis 
against 1 x 10-3 mM Versene at pH 7.0 for 18 hours at 0° did not 
release any of the iron from the enzyme. Similar results were 
obtained when the enzyme solution was dialyzed against 3 x 
10-* m cyanide at pH 7.5 for 10 hours. The presence of other 
metals in the purified enzyme was studied by spectroscopic 
analysis, and the results are given in Table VI. The presence 


of significant amounts of potassium, phosphorus, and aluminum | 


is not unexpected since the enzyme was obtained by elution from 
alumina Cy with phosphate buffer. 

Sulfhydryl Inhibitors—The enzyme is inhibited to the extent 
of 85 per cent by either 2.0 X 10-4 m p-chloromercuribenzoate or 
1 x 10-* m phenylmercuric nitrate. Arsenite inhibits to 90 


per cent at 2 X 10-5 M, and iodoacetate inhibits to 93 per cent | 


at 1 x 10-3 mM. The inhibition of the enzymatic activity by 
sulfhydryl reagents was prevented in some cases by the addition 


of glutathione to the incubation mixture 5 minutes before the © 
If both glutathione and inhibitor | 


addition of the inhibitor. 
were added at the same time, only partial protection of the 


enzymatic activity could be achieved. These effects are sum-— 


marized in Table VII. Of all the organic inhibitors tested in 
this work, only the inhibition caused by cyanide, p-chloromercu- 


ribenzoate, and phenylmercuric nitrate could be prevented by — 


glutathione. In the case of inhibition by azide (Table III). 


glutathione protected partially (40 per cent of original activity). — 
Reversal of inhibition by glutathione was never obtained. — 
Cysteine was less effective than glutathione in protecting against — 


the above agents. 


Inhibition by Metals—The action of various metals on the | 


enzymatic activity was investigated in view of the known 
inhibitory action of these metals on many enzymes that require 


—SH groups for full activity. The results in Table VIII show. 
that the enzyme is particularly sensitive to the inhibitory action — 
of Cu++, Ag+, and Hg*+, all of which are known to form mer-- 


captides with SH groups. The inhibition of the catalytic 
activity by metals could be prevented by the addition to the 


enzyme solution of a large excess of glutathione or cysteine before | 


the addition of the metal. Reversal of inhibition could not be 


obtained. 


Flavin, DPN, and TPN Content of Purified Enzyme—As was 


shown earlier (Table II), the conversion of inositol to glucuronic 
acid is an oxidative process which involves the loss of 2 hydrogen 


atoms from inositol and the simultaneous consumption of 2. 
In an attempt to establish the nature of the 


atoms of oxygen. 
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hydrogen acceptor(s) in this reaction, the enzymatic activity 
was followed spectrophotometrically, and the possible formation 
of the reduced forms of FAD, riboflavin phosphate, DPN, and 
TPN was investigated by observing the change of the optical 
density at the respective absorption maxima of these compounds. 
In no case was there any evidence for the reduction of either 
endogenous or added coenzymes during the conversion of 
inositol to glucuronic acid. Since these results could not elimi- 
nate the participation of these coenzymes in the enzymatic 
reaction, a quantitative analysis for their possible presence in 
the purified enzyme solution was carried out (7-11). Enzyme 
solutions were deproteinized by heating at 100° for 2 minutes 
followed by cooling in ice and centrifugation. The supernatant 
fluid was used in the DPN and TPN assays, under conditions 
allowing the detection of 0.005 umoles of either nucleotide. No 
DPN or TPN could be detected in these preparations. The 
amount of total flavin nucleotides measured as riboflavin phos- 
phate was found to be 6.5  10-° wmoles per mg. of protein. 
When the enzyme solution was treated with trypsin and chymo- 
trypsin (16), the above value increased to 8.2 & 107-5 umoles of 
riboflavin phosphate per mg. of protein. Based on a molecular 
weight of the enzyme of 68,000, the flavin content was calculated 
to be 5.6 XX 10-* moles per mole of enzyme. This amount is 
far too small to be important as a coenzyme in the reaction. 

No hemin could be detected in the enzyme solution at the 
last two stages of purification. 

Oxygen Concentration and pH for Optimal Activity—The rate 
of the reaction catalyzed by the inositol-cleaving enzyme is 
greatly influenced by the concentration of oxygen in the gas 
phase. In a gas mixture of 30 volumes of O2 and 70 volumes of 
N, or COz the reaction rate was 60 per cent of that obtained in 
100 per cent oxygen. Similarly, the rate obtained in air was 
approximately one-third of that obtained in oxygen. 

The pH for optimal activity, determined at intervals of 0.2 
of a pH unit, lies between 6.8 and 7.1. The rate of the reaction 
decreased sharply and equally below pH 6.5 and above pH 7.4. 

Substrate Specificity—Irrespective of the state of purity, the 
inositol-cleaving enzyme is highly specific for myo-inositol. The 
rate of the reaction obtained with p-inositol or inositol mono- 
phosphate as the substrate was 19 and 10 per cent, respectively, 
of that obtained with myo-inositol. L-inositol, scyllitol, pinitol, 
myo-inosose-2, D-myo-inosose-1, and L-myo-inosose-1 were not 
metabolized by the enzyme. 

Stability and Reaction Inactivation of Enzyme—One out- 
standing property of the enzyme system observed during and 
after its purification is the rapidity with which it loses its catalytic 
function. Storage of the enzyme, irrespective of state of purity, 
at 0° for 12 hours caused extensive loss of its activity. Freezing 
the solution at —20° delayed the inactivation for a day or two. 
Freeze-drying or dehydration with solvents at sub-zero tem- 
peratures (acetone powders) caused complete and prompt in- 
activation. A number of organic solvents that have been tried 
in the purification of the enzyme produced inactive preparations. 
The addition of inositol or bovine albumin (1 per cent) as 
stabilizing agents were ineffective. Similarly, the addition of 
Versene (1 10-* or ascorbate (5 10-* m) failed to preserve 
the enzymatic activity. Glutathione or cysteine at a con- 
centration of 1 * 10-* mM, when added to the enzyme solution 
before freezing at —20°, preserved the activity for 3 to 4 days. 
This observation suggested that some essential groups of the 


| enzyme, such as SH groups, might be oxidized during storage 
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TaBLE VI 
Metal content of purified enzyme (E3) 


Metal Gm. atoms per 6.8 X 10‘ gm. of enzyme 

Mo. 0.04 
Ni. 0.04 


TaBLeE VII 


Inhibition by cyanide, p-chloromercuribenzoate, and phenylmercuric 
nitrate; protective effect of glutathione 

The incubation mixture contained, in a final volume of 1 ml., 
100 umoles of inositol; 100 umoles of phosphate buffer, pH 7.2; 50 
ug. of purified enzyme (E3), and the additions shown below. In 
all cases the inhibitor was added 5 minutes after all the compo- 
nents had been added. Incubation was for 10 minutes at 35° in 
an atmosphere of oxygen. 


Additions* Final concentration Activity 

% 
100 
Cyanide 4X 10°3 12 
| 1x 1073 14 
| 1x 10° 91 


*CMB represents p-chloromercuribenzoate and PhHgNo., 
phenylmercuric nitrate. 

Plus glutathione, 1.5 X 107° 

ft Plus glutathione, 5 107° Mm. 


TaBLeE VIII 
Inhibition by metal ions 


The following metals at a concentration of 0.01 Mm were without 
effect: Al***, MoO;, Ba**, Co**, Sr7~, Nit*, Ca**. 50 ug. of the 
purified enzyme were incubated under the conditions described 
in the ‘‘Assay of Enzymatic Activity.” 


Inhibition of 


Inhibitor Final concentration | activity 

M % 

100 

91 
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Ag OF GLUCURONIC ACID 


2 4 80 
TIME IN MINUTES 


Fic. 6. Rate of formation of glucuronic acid from inositol. 
The incubation mixture contained 100 uwmoles of inositol, 100 
umoles of phosphate buffer, pH 7.1, and 0.05 ml. (75 ug.) of purified 
enzyme solution in a final volume of | ml. The enzyme addition 
was repeated twice as indicated by the arrows. The reaction was 
carried out at 35° for 15 minutes. | 


100 


and that the protective effect of glutathione or cysteine might 
be attributable to preservation of these —SH groups. This 
explanation was strengthened by the observation that storage 
of the enzyme in a frozen state under nitrogen or hydrogen instead 
of air caused considerable stabilization of the enzymatic activity. 
Such preparations retained full activity for 10 days, and half of 
the activity was still present at the end of 2 weeks. Once a 
frozen enzyme solution is thawed it must be assayed promptly, 
and it cannot be preserved by refreezing. If the frozen enzyme 
was stored under oxygen, the activity was lost within 24 hours. 
The great lability of the enzyme in oxygen is in marked 
contrast to the absolute requirement of oxygen for maximal 
activity. Furthermore, it is responsible for the continuous 
decrease of the rate of the reaction, a phenomenon similar to 
the “reaction inactivation” observed with tyrosinase and ascorbic 
acid oxidase (17). This is shown in Fig. 6 which is a plot of 
the reaction velocity against time. The reaction rate con- 
tinuously decreased until the end of 40 minutes when the reaction 
came toa stop. That this inactivation was not the result of an 
approach to equilibrium or inactivation by reaction products 
was demonstrated by the resumption of activity at a similar 
rate when more enzyme was added to the same reaction mixture 
(arrows in Fig. 6). In another experiment it was shown that 
the addition of large amounts of glucuronate (5 mg.) to the 
reaction mixture was without effect on the rate of the reaction. 


DISCUSSION 


The studies presented in this paper demonstrate that the 
conversion of inositol to pi-glucuronic acid reported earlier (1) 
is catalyzed by two separate enzyme systems. The enzyme 
that forms exclusively p-glucuronic acid has been purified, and 
many of its properties have been studied. The results obtained 
from the electrophoretic and ultracentrifugal analyses indicate 
that a high degree of purity has been achieved. The slight 
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asymmetry (less than 10 per cent of the area) of the sedimenting 
boundary observed after prolonged centrifugation in the ultra- 
centrifuge is most likely attributable to the formation of inactive 
molecules of the enzyme resulting from the exposure of the 
enzyme solution to air at room temperature. The specific 
activity of the enzyme determined at the end of the ultra- 
centrifugal experiment was found to be 70 per cent of that of 
the fresh enzyme. Similarly, partially inactive enzyme prepara- 
tions give rise to skewed electrophoretic patterns and, very 
often, to the formation of more than one moving boundary, 
Indeed, if the electrophoretic run is prolonged beyond 4 hours, 
one obtains anomalous electrophoretic patterns with a simul- 
taneous decrease of the specific activity of the enzyme. 

The presence of iron in the enzyme in amounts proportional 
to the specific activity and the strong inhibition of the enzymatic 
activity by a number of chelating agents suggest that the iron 
participates in the catalytic process. However, many attempts 
to demonstrate more directly the functional participation of iron 
in the enzymatic reaction were unsuccessful. Inactive enzyme 
preparations could not be reactivated by the addition of iron or 
glutathione or both. 

Of interest is the 3-fold increase of the specific activity of the 
enzyme after its treatment with Dowex | (Table 1). Since this 
treatment causes no loss of protein, the observed activation 
appears to result from the removal by the resin of some in- 
hibitory substance present in the enzyme preparation. This 
explanation is supported by the observation that the enzyme is 
greatly inhibited by various nucleotides (Table IV) which 
normally occur in crude extracts of tissues. Similar activation 
has been observed after elution of the enzyme from the calcium 
phosphate gel. 

The mechanism by which the kidney enzyme catalyzes the 
oxidation of inositol to glucuronic acid by molecular oxygen will 
be presented in a later publication. 


SUMMARY 


1. The enzyme that catalyzes the oxidative cleavage of © 
inositol to p-glucuronic acid has been purified approximately | 


450-fold. 


2. The high purity of the enzyme has been demonstrated by | 


electrophoretic and ultracentrifugal analyses. 
minimal molecular weight of the enzyme (68,000) has been 
determined from data obtained by the sedimentation-diffusion 
analysis, the approach to sedimentation equilibrium method, 
and the iron content of the enzyme. 

3. The enzyme requires sulfhydryl groups for activity and 
contains 0.09 per cent iron. 
agents and sulfhydryl reagents. 


The approximate | 


It is strongly inhibited by chelating © 


4. The Michaelis constant, the optimal pH of the reaction, — 


the conditions for maximal stability of the enzyme, and other 
properties have been presented. | 
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Enzymatic Formation of High Levels of 1,3-Diphosphoglycerate 
from 3-Phosphoglycerate: Isolation and Further Metabolism* 
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It was shown by Meyerhof and Junowicz-Kocholaty (1) that 
muscle extracts release inorganic orthophosphate from 3-phos- 
phoglycerate in the presence of catalytic amounts of aden- 
osine triphosphate by the following reactions: 


3-phosphoglycerate 2-phosphoglycerate 


phosphoenol pyruvate 

phosphoenol pyruvate + ADP = pyruvate + ATP (2) 
ATP + 3-phosphoglycerate = ADP 

+ 1,3-diphosphoglycerate 

1,3-diphosphoglycerate — 3-phosphoglycerate (4) 


+ inorganic phosphate 


Reaction 4 was assumed (1) to be a spontaneous breakdown 
of the unstable 1 ,3-diphosphoglycerate. The data of Negelein 
and Brome! (2) on the rate of spontaneous hydrolysis of 1,3- 
diphosphoglycerate indicate that the rate of formation of Pj! 
attained in the system studied by Meyerhof and Junowicz- 
Kocholaty would require a high concentration of 1 ,3-diphospho- 
glycerate. This is noteworthy since the equilibrium of Reaction 
3, which generates the 1 ,3-diphosphoglycerate is far to the left 
(K = 3 X 10%), as shown by Bucher (3). Meyerhof and Juno- 
wicz-Kocholaty were aware of the unfavorable equilibrium and 
apparently assumed on this basis that 1,3-diphosphoglycerate 
would be present in negligibly small amounts in their system. 
Therefore their measurements of direct P, made by the method 
of Lohmann and Jendrassik (4), were taken by them to repre- 
sent orthophosphate liberation, although the labile acyl phos- 
phate of 1,3-diphosphoglycerate would also have been included. 

The inconsistency between the rapid rate of P; formation and 
the assumed low concentration of its parent compound, 1,3- 
diphosphoglycerate, has been investigated by us in a recon- 
structed system containing highly purified enzymes which 
catalyze the postulated series of reactions. It was found that 
the linked enzyme reactions serve not only to generate 1,3- 
diphosphoglycerate, but also, by rephosphorylating the ADP 
formed by Reaction 3, to maintain relatively high concentra- 
tions of 1,3-diphosphoglycerate. Furthermore, it was found 


* This work was supported by Grant No. C-3463 from the 
National Institutes of Health, United States Public Health 
Service, Bethesda, Maryland. 

‘The abbreviations used are: Pj, inorganic orthophosphate; 
PE, phosphoenol pyruvate; Tris, tris(hydroxymethy])amino- 
methane. 


that the rate of spontaneous hydrolysis of 1 ,3-diphosphoglycerate 
accounts for all the P; liberated. Conversion of 3-phospho- 
glycerate to 1,3-diphosphoglycerate in such systems is efficient 
enough to be used as a preparative procedure for the isolation 
of the latter compound. 


EXPERIMENTAL 


Materials and Methods 


Enzyme Preparations—Phosphoglycerate mutase was _ pre- 
pared by the method of Rodwell e¢ al. (5). Phosphoglycerate 
kinase was prepared by the method of Bucher (6) through Step 
7; it was dialyzed and then stored as a suspension in (NH,).SO, 
solution. Enolase was prepared by the method of Bucher (7) 
through Step 8; pyruvate kinase by the method of Bucher and 
Pfleiderer (8), or it was purchased from C. F. Boehringer and 
Sons, Mannheim, Germany. Acetyl phosphatase was prepared 
from rabbit muscle by the method of Koshland (9). A crude 
preparation of lactic dehydrogenase (10) if not recrystallized 
contains pyruvate kinase, phosphoglycerate mutase and enolase; 


it was used instead of the purified enzymes as a matter of economy | 


in experiments not designed to show dependence on each of these 
enzymes, e.g. in the preparation of large amounts of 1,3-diphos- 
phoglycerate. 

Reagents—3-Phosphoglycerate for use in metabolic experi- 
ments was prepared by the method of Neuberg and Lustig (11) 
with slight modification (12) ;? 3-phosphoglycerate used in pre- 


paring 1,3-diphosphoglycerate was purchased from Schwarz | 
PE was purchased from the California Founda- — 


Laboratories. 
tion for Biochemical Research as the silver barium salt; silver 
and barium were removed by the method of Lohmann and 


Meyerhof (13); 2,3-diphosphoglycerate was prepared by the — 


method of Greenwald (14), converted to the brucine salt (15), 
recrystallized twice from water, and reconverted to the barium 
salt. 

1,3-Diphosphoglycerate was prepared and estimated as 
follows. To 35 ml. of water were added 0.8 ml. of 2.0 m Tris, 
pH 7.4; 1.2 ml. of 0.2 m MgCl,; 1.2 ml. of 0.2 m ATP; 1.0 ml. of 


1.0 m 3-phosphoglycerate; ‘‘crude lactic dehydrogenase” (see — 


“Enzyme Preparations’), 70 mg. of protein per ml., 0.6 ml.; 
phosphoglycerate kinase, 10 mg. per ml., 0.2 ml. This mixture 
was incubated for 20 minutes at 37°, then cooled in an ice bath. 
It was then poured on to a Dowex 1-formate column in a cold 
room which was at approximately 2°. The column was 2.5 cm. 


2 3-Phosphoglycerate used in these experiments was a generous ' 


gift from Dr. Sarah Ratner. 


228 


| 
| 
( 
| 
f 
t 
t 
n 
re 
W 
(). 
st 
m 
g| 
co 
| 
dij 
ph 
ph 
one 
8 
cul 
giv 
a8 1 


February 1959 


in diameter and 18 cm. tall. It was eluted with 250 ml. of 0.4 m 
ammonium formate and then with 0.45 Mm ammonium formate. 
1,3-Diphosphoglycerate began to appear in the effluent after 
about 100 ml. of 0.45 M ammonium formate had passed through. 
The fractions containing 1 ,3-diphosphoglycerate were combined 
and added to 4 volumes of 95 per cent ethanol which was at 
After standing for 30 minutes in an ice bath, the suspen- 
sion was centrifuged. The precipitate was dissolved in a little 
cold water to give a solution of 1,3-diphosphoglycerate. The 
yield from the incubation mixture given above was about 100 
ymoles of 1,3-diphosphoglycerate. Labile P was one-half of 
total P and was equivalent to 1,3-diphosphoglycerate. The 
latter was measured by DPNH oxidation in the presence of 
glyceraldehyde 3-phosphate dehydrogenase (2). Alternatively, 
1,3-diphosphoglycerate was measured as the corresponding 
hydroxamie acid by the method of Lipmann and Tuttle (16); 1 
umole per ml. of 1 ,3-diphosphoglycerate (as measured enzymati- 
cally) gives rise to an optical density of 0.48 at 540 my with a 1- 
em. light path. Tests for PE, pyruvate, and adenine compounds 
were negative. 

Analytical Methods—P; was determined by the method of 
Lohmann and Jendrassik (4). Since the acyl phosphate group 
of 1,3-diphosphoglycerate is completely hydrolyzed under these 
conditions, it is necessary to measure the latter compound en- 
zymatically or as the hydroxamic acid and subtract its value 
from that obtained by the Lohmann and Jendrassik procedure 
to get the correct P; concentration. Total P was determined by 
the method of Lohmann (17); PE as iodine-labile P by the method 
of Meyerhof and Oesper (18). 2,3-Diphosphoglycerate was 
measured by its activating effect on the phosphoglycerate mutase 
reaction (19) in the conversion of PE to 3-phosphoglycerate 
catalyzed by enolase and phosphoglycerate mutase. The initial 
rate of decrease in light absorption at 240 mu, due to decrease 
in PE, is proportional to 2,3-diphosphoglycerate concentration 
when the latter is present in limiting amounts. 

Into a 1-ml. spectrophotometer cell with a 1-em. light path are 
placed 0.9 ml. of H.O; 0.02 ml. of 2.0 m Tris, pH 7.4; 0.01 ml. of 
0.5 m MgCl; 0.03 ml. of 0.025 wm PE; and 0.01 ml. of a 10 mg. 
per ml. solution of enolase. The optical density becomes con- 
stant within 1 minute after addition of enolase and is approxi- 
mately 1.5. 0.01 ml. of a 0.7 mg. per ml. solution of phospho- 
elycerate mutase is added. The optical density becomes 
constant within 1 minute. Then between 1 x 10-4and 6 x 10-4 
umoles of 2,3-diphosphoglycerate are added. The decrease in 
optical density between 1 and 4 minutes after addition of 2,3- 
diphosphoglycerate is proportional to the amount added. 


RESULTS 


Table I shows that relatively high concentrations of 1 ,3-di- 
phosphoglycerate were formed in a system in which ADP, 
formed by the phosphoglycerate kinase reaction, was rephos- 
phorylated by the pyruvate kinase reaction. Omission of either 
one of the enzymes which convert 3-phosphoglycerate to PE, 
necessary for the phosphorylation of ADP, prevented the ac- 
cumulation of 1 ,3-diphosphoglycerate. Addition of PE replaced 
the requirement for mutase and enolase. 

A concentration of 10 wmoles per ml. of ATP did not suffice to 
give appreciable levels of 1,3-diphosphoglycerate in the absence 
of the pyruvate kinase.system (Table I), whereas, as shown in 
Table II, 1 zmole per ml. of ATP gave over two-thirds as much 
as 10 ymoles when the two kinase reactions were coupled. Con- 
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TABLE I 


Formation of 1,3-diphosphoglycerate and P; through linked pyruvate 
kinase and phosphoglycerate kinase reactions 


Incubation at 37° for 25 minutes. The complete system con- 
tained, in 1 ml.: 60 wmoles of Tris, pH 7.4; 6 umoles of MgCl; 10 
umoles of ATP; 20 uwmoles of 3-phosphoglycerate; 0.05 umole of 
2,3-diphosphoglycerate; 70 wg. of phosphoglycerate kinase; 180 
ug. of phosphoglycerate mutase; 60 ug. of enolase; 100 ug. of pyru- 
vate kinase. When added: 5 umoles of PE. Omissions as indi- 
cated. Deproteinization by addition of 0.1 ml. of 25 per cent tri- 
chloroacetic acid. 


P; 1,3-Diphos- 
liberated 
pmoles pmoles 

3-Phosphoglycerate omitted............. 0.2 0 
Phosphoglycerate kinase omitted... .._.. 0.3 0.1 
Pyruvate kinase omitted............... | 0.3 0.2 
Phosphoglycerate mutase omitted. ...... | 0.1 0.5 
0.2 0.5 
Enolase and phosphoglycerate mutase | 

omitted, PE added................ oe 1.7 3.1 
Enolase, phosphoglycerate mutase, and | 

3-phosphoglycerate omitted, PEadded. 0.4 


TaBLe II 


Effect of ATP concentration and of incubation time on formation of 
1,3-diphosphoglycerate and P; 

Incubation at 37° for period indicated. The incubation mix- 
tures contained per ml.: 60 wmoles of Tris, pH 7.4; 6 umoles of 
MgCl:; 20 umoles of 3-phosphoglycerate; 0.05 umole of 2,3-di- 
phosphoglycerate; 70 ug. of phosphoglycerate kinase; 180 ug. of 
phosphoglycerate mutase; 60 ug. of enolase; 100 ug. of pyruvate 
kinase; ATP as indicated. Deproteinization by addition of 0.1 
ml. of 25 per cent trichloroacetic acid per ml. 


P;  1,3-Diphosphoglycerate 
ATP added 
15 min. | 30 min. | 45 min. | 15 min. | 30min. 45 min. 
pmoles/ ml. pmoles/ml. pmoles 
1 0.8 1.6 2.5 
10 0.8 1.9 3.0 2.9 


sideration of the equilibrium constants of the phosphoglycerate 
kinase (3) and pyruvate kinase (18) reactions reveals that 
substantially all of the ATP added must have been present as 
ATP. Therefore, the effect of the pyruvate kinase system on 
the accumulation of 1,3-diphosphoglycerate was due not to 
supplying ATP for the phosphoglycerate kinase reaction but 
rather to removal of ADP. The decrease in ADP concentration 
permitted a corresponding increase in 1,3-diphosphoglycerate 
concentration to a level determined by the equilibrium mixture of 
the phosphoglycerate kinase reaction. 

Table II shows that the concentration of 1 ,3-diphosphoglycer- 
ate tends to reach a constant level, but production of P; continues 
at an approximately linear rate during the incubation. This is 
consistent with the idea that the concentration of 1,3-diphos- 
phoglycerate reached is determined by reversible equilibria 
among the components of the reaction mixture, whereas P; comes 
from irreversible hydrolysis of the acyl phosphate. 
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Negelein and Bromel (2) reported that 1 ,3-diphosphoglycerate 
decomposes spontaneously at the rate of 2.6 per cent per minute 
at 38° at neutral pH. The rate of increase of P; relative to 1,3- 
diphosphoglycerate concentration observed in the experiment 
recorded in Table II is in close agreement with this figure. It 
appears that the decomposition of 1,3-diphosphoglycerate in 
the reconstructed system was wholly spontaneous and that this 
accounted for all the P; formed. 


TaBLeE III 
Enzymatic hydrolysis of 1,3-diphosphogl ycerate 
Incubation at 37° for 5 minutes. The incubation mixtures con- 
tained per ml.: 8O umoles of Tris, pH 7.4; 8.4 uwmoles of 1,3-di- 
phosphoglycerate; 0.8 mg. of acetyl phosphatase where indicated. 


Decrease in 1,3-di- 
| phosphoglycerate 


pmoles/ml. 


0.9 
4.3 


Without acetyl phosphatase.................... 


TaBLe IV 

Enzymatic hydrolysis of 1,3-diphosphoglycerate generated through 

linked pyruvate kinase and phosphoglycerate kinase reactions 

Incubation at 37° for 23 minutes. The complete system con- 
tained per ml.: 60 wmoles of Tris, pH 7.4; 6 umoles of MgCl.; 1 
umole of ATP; 20 wmoles of 3-phosphoglycerate; 0.05 umole of 
2,3-diphosphoglycerate; 110 ug. of phosphoglycerate kinase; 
120 ug. of phosphoglycerate mutase; 60 wg. of enolase; 52 ug. of 
pyruvate kinase; 400 wg. of acetyl phesphatase. Omissions as 
indicated. Deproteinization by addition of 0.1 ml. of 50 per 
cent trichloroacetic acid per ml. 


-1,3-Diphospho- 


glycerate found 
pmoles pmoles 
Acetyl phosphatase omitted........... 1.2 1.8 
Phosphoglycerate kinase omitted...... 0.12 0.09 
Pyruvate kinase omitted.............. 0 0.08 


TABLE V 
Conversion of 1,3-diphosphoglycerate to 2,3-diphosphogl ycerate 
Incubation at 30° for 15 minutes. The complete system con- 
tained per ml.: 60 uwmoles of Tris, pH 7.4; 1.8 mg. of protein; 3.2 
umoles of 1,3-diphosphoglycerate. Deproteinization by addition 
of 0.1 ml. of 50 per cent trichloroacetic acid per ml. 


Decrease in 


2,3-Diphos- Decrease in | 


phoglycerate direct P| 
moles pmoles pmoles 

Complete system........ 0.8 0.8 2.3 
Protein omitted........... 0 0.4 
1,3-Diphosphoglycerate 

1,3-Diphosphoglycerate hy- 


* Hydrolysis was accomplished by heating for 10 minutes at 
100° at neutral pH. 


1 ,3-Diphosphoglycerate from 3-Phosphoglycerate 
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Lipmann (20) observed that muscle contains an acyl] phos- 
phatase. The possibility that 1 ,3-diphosphoglycerate might be 
a substrate for this enzyme was considered. It was found that 
the enzyme markedly accelerated the disappearance of 1 ,3-di- 
phosphoglycerate (Table II]). Since there was no change 
in the sum of P; plus acyl phosphate, it may be assumed that 
the extra disappearance was due to enzymatic hydrolysis of the 
acyl phosphate bond. 

In Table IV the effect of the acyl phosphatase on the level of 
P; and 1,3-diphosphoglycerate in a reconstructed system which 
generated 1 ,3-diphosphoglycerate is shown. The acylase caused 
a marked increase in P; and a moderate decrease in 1 ,3-diphos- 
phoglycerate. Omission of either of the kinases, which are 
necessary for 1,3-diphosphoglycerate formation, prevented the 
appearance of P;. This indicates that 1,3-diphosphoglycerate 
was the only component of the system on which the acylase 
preparation exerted phosphatase activity. Because the acylase 
is strongly inhibited by (NH4)2SQ,, it was found necessary to 
dialyze the pyruvate kinase and phosphoglycerate kinase prepara- 
tions; the phosphoglycerate mutase preparation, which was 
inactivated by dialysis, was sufficiently freed of the salt by cen- 
trifuging a suspension of the crystals (68 mg. per ml.) for 30 
minutes at 15,000 x g and dissolving the sedimented crystals in 
water. 

It was noted by Meyerhof and Junowicz-Kocholaty (1) that 
when PE and fluoride were added to their P;-forming system 
(muscle extract, ATP, and 3-phosphoglycerate), the loss of PE 
could not be accounted for entirely by the increase in direct P. 
They attributed the discrepancy to unspecified side reactions. 


~ We have found that one of these side reactions may have been 


the conversion of 1, 3-diphosphoglycerate to 2 ,3-diphosphoglye- 
erate. Formation of the latter from 1,3-diphosphoglycerate 
in the presence of a dialyzed rabbit muscle fraction precipitating 
between 52 and 72 per cent saturation with (NH4)2SO; is shown 
in Table V. 

The decrease in direct P (the sum of P; and the acyl phosphate 
group of 1,3-diphosphoglycerate) was equal to the amount of 
2 ,3-diphosphoglycerate formed. Since hydrolysis of 1 ,3-di- 
phosphoglycerate previous to incubation with the protein pre- 


vented these changes, it may be assumed that P; was inert in | 
this system and, therefore, that the acyl phosphate group was — 
converted to the 2-phosphate of 2,3-diphosphoglycerate. This — 


does not necessarily indicate a direct conversion of 1 ,3-diphos- 
phoglycerate to 2,3-diphosphoglycerate. The mechanism sug- 


gested by Cori (cf. Rapoport and Luebering (21, 22)), in which 


1 ,3-diphosphoglycerate donates its acyl phosphate to 3-phospho- 


glycerate, thus forming 2 ,3-diphosphoglycerate, may have been — 


operative in this system. Our finding of a “diphosphoglycerate 
mutase” in muscle confirms the reports of Rapoport et al. (23) 


and of Towne et al. (24) on the formation of 2,3-diphosphoglyec- _ 


erate in skeletal muscle systems which generate 1 ,3-diphospho- 
glycerate. 

Table V shows that although 2.3 ymoles of 1,3-diphospho- 
glycerate were lost, only 0.8 umole of 2,3-diphosphoglycerate was 
formed. Since there was no corresponding decrease in direct P, 


hydrolysis of 1 ,3-diphosphoglycerate to P; and 3-phosphoglycer- 


ate is indicated. Only 0.4 umole of 1,3-diphosphoglycerate 
was lost in the absence of protein; the difference may be ascribed 


to hydrolysis by acetyl phosphatase. The fraction of rabbit — 


muscle used in this experiment in fact contains considerable | 


amounts of acetyl phosphatase. 
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DISCUSSION 


Although the equilibrium constant of the phosphoglycerate 
kinase reaction strongly favors the formation of 3-phosphoglyc- 
erate and ATP at the expense of 1,3-diphosphoglycerate and 
ADP, maintenance of a relatively high concentration of 1,3- 
diphosphoglycerate in dynamic equilibrium with the other 
reactants was achieved by adding PE and pyruvate kinase to 
the reaction mixture. The pyruvate kinase system served to 
keep the concentration of ADP much lower than it would have 
been in the isolated phosphoglycerate kinase system. This is 
not unexpected in view of the equilibrium of the pyruvate kinase 
reaction and the initial absence of pyruvate from the mixture. 
From the value of the equilibrium constant determined in the 
following paper, at pH 7.4, 


(ATP) (pyruvate) 
(ADP)(PE) 


= 4.5 X 10%. 


The high concentration of 1,3-diphosphoglycerate was ac- 
companied by formation of P; through spontaneous hydrolysis of 
the labile acyl phosphate. When 3-phosphoglycerate was the 
reactant supplied to the mixture of glycolytic enzymes, along 
with a catalytic amount of ATP, the ultimate source of P; was 
3-phosphoglycerate. In this way a “phosphatase” effect was 
produced by a mixture of enzymes which separately have no 
hydrolytic activity on any of the phosphorylated compounds 
involved. 
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Similarly, the phosphoglycerate kinase reaction can function 
as an “ATPase”, with phosphoglycerate acting catalytically. 
This is demonstrated in the experiment (Table I) in which ATP 
was regenerated from PE by the pyruvate kinase reaction in 
the absence of enolase and phosphoglycerate mutase. 

Hydrolysis of 1,3-diphosphoglycerate was increased by the 
addition of acetyl phosphatase. Harary (25, 26) has suggested 
that acetyl phosphatase may be a regulator of glycolysis and 
respiration by bringing about loss of high energy phosphate 
compounds. In this connection, it is interesting that the enzyme 
which gives rise to P; is strongly inhibited by P;. Harary has 
presented evidence implicating acetyl phosphatase in the regula- 
tion of metabolism by thyroxine; hypo- and hyperthyroid states 
are accompanied by decreased and increased levels, respectively, 
of the phosphatase in vivo. 


SUMMARY 


1. Requirements for reaching a high concentration of 1 ,3-di- 
phosphoglycerate by way of the phosphoglycerate kinase reac- 
tion have been studied. 

2. A method for preparing 1 ,3-diphosphoglycerate has been 
described. 

3. A method for estimating small amounts of 2,3-diphospho- 
glycerate has been described. 

4. Conversion of 1,3-diphosphoglycerate to 2,3-diphospho- 
glycerate by rabbit muscle extracts has been reported. 
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Phosphorylation of Pyruvate by the Pyruvate Kinase Reaction 
and Reversal of Glycolysis in a Reconstructed System* 
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Lardy and Ziegler (1) obtained synthesis of phosphoenol 
pyruvate from pyruvate and adenosine triphosphate by reversal 
of the pyruvate kinase reaction. A possible mechanism was 
thus demonstrated for the initial step in the synthesis of glycogen 
from pyruvate. The amounts of phosphoenol pyruvate synthe- 
sized were, however, small, and it is rather widely held that 
reversal of the pyruvate kinase reaction leading to net synthesis 
of phosphoenol pyruvate in vivo is insignificant (2-5). 

It is the purpose of this paper to report the synthesis of rela- 
tively large amounts of phosphoenol pyruvate! in an enzymatic 
system similar to that of Lardy and Ziegler. They used muscle 
extracts to generate ATP by the oxidative phosphorylation of 
glyceraldehyde 3-phosphate; the enolase reaction was blocked 
with fluoride. It was found that substitution of the muscle 
extracts by purified glycolytic enzymes resulted in much higher 
steady state concentrations of PE.! Synthesis of PE by re- 
versal of the pyruvate kinase reaction was also obtained when 
respiring mitochondria were used as the ATP generator. Sup- 
plementation of this system with glycolytic enzymes led to 
formation of fructose-DP and other glycolytic intermediates. 


EXPERIMENTAL 


Enzyme Preparations—Phosphoglycerate mutase, phospho- 
glycerate kinase, enolase, and pyruvate kinase were prepared as 
described in the preceding paper. Glyceraldehyde-3-P dehy- 
drogenase from muscle was prepared by the method of Cori et al. 
(6) and from yeast by the method of Krebs et al. (7); the ex- 
tracting medium used in preparing both dehydrogenases con- 
tained 2 mg. per ml. of ethylenediaminetetraacetate. Lactic 
dehydrogenase was prepared by the method of Beisenherz et al. 
(8); aldolase by the method of Taylor et al. (9); aleohol dehy- 
drogenase by the method of Racker (10); and rabbit muscle 
a-glycerophosphate dehydrogenase was a gift from- Dr. T. 
Bucher or was purchased from C. F. Boehringer and Sons, 
Mannheim, Germany. 

Reagents—2 ,3-Diphosphoglycerate was prepared as described 
in the preceding paper; potassium pyruvate was prepared by the 
method of Korkes et al. (11). 

Analytical Methods—P; and PE were determined as described 
in the preceding paper. 


* This work was supported by Grant No. C-3463 from the 
National Institutes of Health, United States Public Health Serv- 
ice, Bethesda, Maryland. 

1The abbreviations used are: PE, phosphoenol pyruvate; 
fructose-DP, fructose 1,6-diphosphate; Pj, inorganie orthophos- 
phate. 


3-Phosphoglycerate was measured by oxidation of DPNH in 
the presence of ATP, Mg*+, phosphoglycerate kinase, and 
glyceraldehyde-3-P dehydrogenase (12); dihydroxyacetone phos- 
phate by oxidation of DPNH with a-glycerophosphate dehy- 
drogenase (13); fructose-DP by oxidation of DPNH with aldol- 
ase and a-glycerophosphate dehydrogenase (13); pyruvate by 
oxidation of DPNH with lactic dehydrogenase (13); and a- 
glycerophosphate by the method of Bublitz and Kennedy (14). 

ATP and ADP were assayed by the method of Bowen and 
Kerwin (15) after removal of Mg++ from the trichloroacetic acid 
filtrates of reaction mixtures by passing them through a column 
of Dowex 50-X2, H+ form. Removal of Mg++ is necessary since 
it interferes with the subsequent assay. 

Mitochondrial Preparations—These were made from rat liver 
by the method of Hogeboom (16) except that the suspending 
medium used was 0.25 M mannitol containing 1 mg. per ml. of 
ethylenediaminetetraacetate. Mannitol was used instead of 
sucrose because contamination of some yeast enzyme prepara- 
tions with invertase (which catalyzed glucose formation) and 
hexokinase led to net esterification of P;, t.e. glucose 6-phosphate 
formation, without the addition of pyruvate as a phosphate 
acceptor. 

In experiments in which mitochondria were used to generate 
ATP for pyruvate phosphorylation, incubation was for 30 min- 
utes at 27° in 20-ml. beakers shaken at about 2 cycles per second 
in a Dubnoff metabolic shaking incubator (Precision Scientific 
Company, Chicago, Illinois); deproteinization was by addition 
of 0.1 volume of 25 per cent trichloroacetic acid. Zero time 
controls were obtained by adding all the reagents directly to a 
solution of trichloroacetic acid. 


RESULTS 
Table I shows the enzyme requirements for accumulation of 


PE in a system in which ATP is generated by the glycolytic 
reactions leading from fructose-DP to phosphoglycerate. Py- 


ruvate is phosphorylated by reversal of the pyruvate kinase. 


reaction. It will be noted that PE accumulation is strongly 
dependent on the presence of lactic dehydrogenase; reoxidation 
of DPNH formed in the glyceraldehyde-3-P dehydrogenase 
reaction is necessary to maintain a high level of 1 ,3-diphospho- 
glycerate which in turn, via the phosphoglycerate kinase reaction, 
permits a high ATP:ADP ratio required for reversal of the py- 
ruvate kinase reaction. 

Table II records an experiment designed to show that the 
amount of PE present depends on the establishment of equilib- 
rium mixtures of the various components through the linked 
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TABLE I 


Reversal of pyruvate kinase reaction dependent on ATP 
regeneration by phosphoglycerate kinase reaction 

Incubation for 15 minutes at 37°. The complete system con- 
tained in 1 ml.: 100 wmoles of tris(hydroxymethyl)aminomethane, 
pH 8.3; 7.5 ymoles of K2zHPO,; 5 umoles of MgCl2; 20 wmoles of 
KF; 1 wmole of DPN; 6 wmoles of ATP; 47 wmoles of potassium 
pyruvate; 18 wmoles of fructose-DP; 160 ug. of aldolase; 320 ug. 
of glyceraldehyde-3-P dehydrogenase (yeast) ; 200 ug. of pyruvate 
kinase; 500 ug. of lactic dehydrogenase; 100 ug. of phosphoglyc- 
erate kinase. The pH of the incubation mixtures was 8.0. 
Omissions as indicated. 


D 
Glyceraldehyde-3-P dehydrogenase 
Pyruvate kinase omitted................ | 1.3 0.5 
Lactic dehydrogenase omitted.......... 1.2 1.3 
Phosphoglycerate kinase omitted........ 1.3 0.6 


enzyme reactions. It is seen that the amount of PE present 
and of P; esterified is substantially constant in the period be- 
tween 15 and 35 minutes of incubation. The pH dependency of 
the over-all equilibrium mixture is also demonstrated. 

The results given in Table III show reversal of the pyruvate 
kinase reaction when ATP is regenerated through mitochondrial 
rather than through glycolytic phosphorylation. Pyruvate, 
in the presence of pyruvate kinase, acts as the phosphate accep- 
tor. Absence of PE formation when pyruvate kinase is omitted 
rules out the oxaloacetate carboxylase reaction as the source 
of PE in this system. The amount of PE formed indicates the 
abilitv of the mitochondria to maintain high ATP:ADP ratios. 

Table IV records formation of various intermediate compounds 
of glycolysis when the system shown in Table II] was supple- 
mented with DPN, catalytic amounts of 2,3-diphosphoglycerate, 
and the enzymes required for conversion of PE to fructose-DP. 
Contamination with a-glycerophosphate dehydrogenase led to 
production of a-glycerophosphate. Small amounts of fructose- 
DP, dihydroxyacetone phosphate, and a-glycerophosphate were 
formed even in the absence of an added DPN-reducing system. 

Equilibrium Constant of Pyruvate Kinase Reaction—Because of 
the absence of data on the H+ ion concentration in the report of 
Meyerhof and Oesper (17) on the equilibrium of the pyruvate 
kinase reaction, the relative concentrations of the reactants to be 
expected at a given pH are uncertain. The equilibrium mix- 
tures at various H+ ion concentrations were therefore determined. 
The data conform to the equation: 


(ATP)(pyruvate) 
(ADP) (PE)(H*) 


(1) 


Table V gives the results of a series of determinations of the 
equilibrium mixtures. The values for the equilibrium constant 
range between 0.98 x 108 and 1.51 x 108. The variation is 
largely due to inaccuracy in determining ADP concentrations. 
The latter are, in the method used, estimated as relatively small 
differences between two large numbers. 

On the other hand, the measurements of PE are independent of 
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TaB_e II 
Dependence of PE concentration on pH of medium 


Incubation at 37° for periods indicated. System as in Table I 
except that pH of tris(hydroxymethyl)aminomethane buffer was 
adjusted to give pH of incubation mixtures as indicated. 


Decrease in direct P PE 
pH of mixture 
15 min. | 25 min. 35 min. | 15 min. | 25 min. | 35 min. 
pmoles/ml. pmoles/ml. 
7.50 2.8 3.0 3.0 2.5 2.6 2.6 
8.15 4.6 4.7 4.6 4.4 4.5 4.2 
8.60 5.4 5.3 5.1 5.1 4.8 4.8 
TaBLe III 


Phosphorylation of pyruvate mediated by mitochondria 
and pyruvate kinase 


The incubation mixtures contained, in 1 ml.: 100 umoles of 
tris(hydroxymethyl)aminomethane, pH 7.4; 20 uwmoles of potas- 
sium glutamate; 5 ymoles of MgCl2; 3 umoles of ATP; 5 umoles 
of potassium phosphate, pH 7.4; 45 umoles of potassium pyruvate; 


56 ug. of pyruvate kinase; 6 mg. of mitochondrial protein. Omis- 
sions as indicated. 

pmoles pumoles 

1.5 1.5 
Pyruvate kinase omitted................ 0 0 


TABLE IV 


Formation of phosphorylated intermediates of glycolysis from 
pyruvate by mitochondria and glycolytic enzymes 


The incubation mixtures contained, in 1 ml.: 100 umoles of 
tris(hydroxymethyl)aminomethane, pH 7.4; 20 umoles of potas- 
sium glutamate; 5 wmoles of MgCl.; 3 umoles of ATP; 6 uwmoles 
of potassium phosphate, pH 7.4; 1 umole of DPN; 0.05 umole of 
2,3-diphosphoglycerate; 60 ug. of pyruvate kinase; 100 ug. of 
enolase; 75 ug. of phosphoglycerate mutase; 50 ug. of phospho- 
glycerate kinase; 300 ug. of glyceraldehyde-3-P dehydrogenase 
(muscle) ; 200 ug. of aldolase; 6 mg. of mitochondrial protein. 


Intermediates accumulated 


in direct | 
a-Glycer-| 3-Phos- 
| DHAPt | ophos- | phoglyc-| PE 
| phate erate 
pmoles ypmoles ymoles | pmoles | pmoles | pmoles 
No DPN-redue- 
ing system 
DPN-reducing 
system added*..; 3.3 . 26 .50 1.3 ll 0 


* For DPN reduction, 0.02 ml. of 95 per cent ethy! alcohol and 
500 ug. of alcohol dehydrogenase were added. 
t Dihydroxyacetone phosphate. 


— 

| | 
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TABLE V 
Equilibrium mixtures in pyruvate kinase reaction 

Incubation at 30°. The incubation mixtures contained, in 
6.0 ml.: 400 wmoles of tris(hydroxymethyl)aminomethane*; 4 
umoles of MgCle; 516 zmoles of potassium pyruvate; 30 umoles of 
ATP; 200 ug. of pyruvate kinase. At 20 minutes and at 30 min- 
utes, 2.2 ml. were removed from each incubation mixture and 
added to 0.22 ml. of 50 per cent trichloroacetic acid. Concentra- 
tions below are given as umoles per ml. 


Time | pH | | PE | ATP | ADP K X (Ht) 

| 
min. | | 
20 | 8.70 | 84.8 | 1.18 | 4.02 ; 1.19 | 1.21 K 108 | 2.42 K 10? 
30 | 8.70 | 84.8 | 1.18 | 3.87 | 1.37 | 1.01 * 108 | 2.02 X 10? 
20 | 8.31 | 85.2 | 0.80 | 4.39 | 0.71 | 1.34 K 108 | 6.58 K 10? 
30 | 8.31 | 85.2 | 0.80 | 4.20 | 0.93 | 0.98 X 108 | 4.81 K 10? 
20 | 7.94 | 85.5 | 0.53 | 4.58 | 0.41 | 1.51 K 108 | 1.81 XK 10° 
30 | 7.94 85.5 | 0.54 4.43 0.48 1.22 108 | 1.46 10° 
20 | 7.72 | 85.6 | 0.42 | 4.69 0.37 | 1.36 & 108 | 2.59 & 10° 
30 | 7.72 | 85.6 | 0.42 | 4.50 | 0.45 | 1.07 K 108 | 2.04 XK 103 
Average 1.21 X 108 


*The pH of tris(hydroxymethyl)aminomethane buffer was 
varied to give the final H* concentrations shown in the table. 

+ Pyruvate concentration is calculated as the initial concen- 
tration (86 wmoles per ml.) minus the PE concentration. 


TABLE VI 


Equilibrium constant of pyruvate kinase reaction 
based on PE measurements 


Reversal of Pyruvate Kinase Reaction 


| 
ATP | ADP | K K x (H*) 

| | 

8.70 | 84.8 1.18 | 3.82 | 1.18 | 1.16 X 10° 2.33 X 10? 
8.31 | 85.2 0.80 | 4.20 0.80 | 1.14 X 108 | 5.59 & 10° 
7.94 85.5 0.53 4.47 0.53 1.13 K 108 1.36 X 103 
7.72 | 85.6 | 0.42 | 4.58 | 0.42 | 1.17 X 10° | 2.22 x 10° 

TaBLe VII 


Effect of concentration of MgClz, on PE formation 
Incubation at 30° for time indicated. The incubation mixtures 
contained, in 6.0 ml.: 400 wmoles of tris(hydroxymethyl)amino- 
methane, pH 9.0; 516 wmoles of potassium pyruvate; 30 umoles of 
ATP; 200 ug. of pyruvate kinase; MgCl. as indicated. The final 
pH was 8.69. Deproteinization by addition of 0.1 volume of 50 
per cent trichloroacetic acid. 


PE 
MeClh: | 
20 min. 30 min. 45 min. 
pmoles/ml. pmoles’ml. pmoles/ml. pmoles/ml. 
Experiment 1 
6.67 0.41 0.41 0.44 
1.67 | 0.84 0.S4 0.86 
0.67 | 0.95 0.99 0.92 
Experiment 2 
0.67 1.09 L.is 1.09 
0.33 1.03 1.13 1.14 
0.17 0.54 0.70 0.90 
0.07 0.10 0.14 0.20 
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the other constituents of the mixtures; they are very reproducible 
and are in excellent agreement with PE determinations made by 
measuring DPNH oxidation in the coupled pyruvate kinase 
and lactic dehydrogenase reactions. The pyruvate kinase used 
in this study was free of myokinase and enolase. In view of these 
considerations, calculations of the equilibrium constant based 
on the PE determinations are presented in Table VI. Pyruvate 
concentration is taken as initial pyruvate minus PE; ATP as 
initial ATP minus PE; ADP as equal to PE. K equals 1.15 x 
108. 
It should be noted that the concentration of MgCl. used (Table 
V) was 0.67 umole per ml. This concentration was chosen 
because with higher concentrations there was a lower steady state 
concentration of PE (possibly due to preferential binding of 
ATP by Mgt*) and with lower concentrations equilibrium was 
reached too slowly (Table VII). 

At first sight the constancy of the equilibrium constant calcu- 
lated without regard to pH effects on ionic species and to magne- 
sium complexes may be surprising. However in the pH range 
covered in this study (7.72 to 8.70) ATP, ADP, and PE are in 
their completely dissociated forms since the respective relevant 
pK’s of these compounds are 6.6, 6.6, and 6.4 (18). As to the 
effect of magnesium complexes, the following calculations show 
that, under the experimental conditions, they would produce 


relatively small changes in the equilibrium mixtures. From 
the data of Smith and Alberty (19), 
(MgATP2-) 
(Mg)(ATPS) 2) 
(MgADP-) 
Me ~ 10% 
Therefore, 
(MgATP2-)(ADP*) _ 


(MgADP-)(ATP*) 


Under the conditions of the experiment, where the concentra- 
tion of ATP greatly exceeded that of MgCle, substantially all 
of the magnesium in the system, 0.67 umoles per ml., was in the 
form of nucleotide complexes (20). Binding of magnesium by 
PE is insignificant compared with binding by ATP and ADP 


(21, 22). Therefore, 
MgATP? = 0.67 — MgADP- (5) 
Also, 
= ADP; — MgADP- (6) 
ATP* = ATP; — MgATP? (7) 


Substitution of Equation 5 into Equation 7 gives 
ATP* = ATPy — 0.67 + MgADP~ (8) 
Substitution of Equations 5, 6, and 8 into Equation 4 gives 


(0.67 — MgADP-)(ADPr — MgADP-) _ 


(MgADP-)(ATPy — 0.67 + MgADP-) (9) 


MgADP- can be computed from Equation 9 by use of the 
experimentally found values for ADPr and ATPr. From Iqua- 
tions 5, 6, and 7, MgATP?-, ATP*-, and ADP?- can be computed. 


Assuming that the magnesium complexes of the nucleotides — 
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are not substrates for pyruvate kinase (see Table VII), the equa- 
tion for the equilibrium constant is 


(ATP*-)(pyruvate7) 
(ADP*)(PE*)(H*) 


=K (10) 


Table VIII lists the values for ADP*- and ATP* and the 
equilibrium constants calculated on this basis. The magnitude 
of K is about 10 per cent less than it is when calculated, as in 
Table V, on the basis of total ATP and ADP. This follows from 
the fact that proportionately more ATP than ADP has formed 
a complex with Mg**. 


DISCUSSION 


At present it is not known whether reversal of the pyruvate 
kinase reaction is quantitatively significant in the synthesis of 
fructose-DP from pyruvate in vivo. The two glycolytic reac- 
tions of this series most unfavorable for reversal are those cata- 
lyzed by phosphoglycerate kinase (A = 3 X 10% (12)) and by 
pyruvate kinase (K = 2 X 10% (17) presumably at pH 7.6 (21)). 
However, the former reaction is often described as “readily 
reversible” and is generally regarded as obligatory in schemes 
of hexose formation from pyruvate, whereas the latter is con- 
sidered to be incapable of significant reversal (2-5). The demon- 
strated reversibility of both reactions does not justify such a 
distinction between them. Reversal of glycolysis in vivo by 
direct phosphorylation of pyruvate is therefore a strong possi- 
bility. 

Kalckar (23) observed that oxidation of malate by kidney 
extracts gave rise to PE. He proposeil, in view of the apparent 
irreversibility of the pyruvate kinase reaction (24), that the 
system studied by him might be involved in providing PE for 
hexose synthesis. Bartley (25) with the use of kidney particles, 
obtained PE synthesis during the oxidation of various citric 
acid cycle intermediates and also when pyruvate was the sub- 
strate; PED was formed from pyruvate only in the presence of 
bicarbonate. Conversion of pyruvate to PE was _ therefore 
considered to involve a preliminary carboxylation to a C; com- 
pound. These findings together with isotope distribution in 
liver glycogen after administration of C-labeled pyruvate or 
CO. (cf. review by Weinman et al. (5)) support the possibility 
that pyruvate incorporation into glycogen proceeds by conden- 
sation of pyruvate with COs, formation of a symmetrical di- 
carboxylic acid, and subsequent phosphorylative decarboxyl- 
ation (26, 27). 

These data do not rule out glycogen synthesis by way of the 
pyruvate kinase reaction. Randomization of the isotopic C of 
pyruvate can be as readily explained by “shuttling” as by a 
predominantly ‘‘one-way” reaction; net synthesis of glycogen 
may still depend upon the pyruvate kinase reaction (28). 
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Tasie VIII 
Equilibrium miztures in pyruvate kinase reaction* 


pH | Fyru-| PE ADP=3 K K X (H*) 
8.70 | 84.8) 1.18 | 3.41 | 1.13 | 1.09 108 | 2.97 10 
8.70 84.8) 1.18 | 3.28 1.29 | 0.92 108 | 1.83 10 
8.31 85.2) 0.80 3.76 | 0.67 1.22 108 5.98 x 10? 
8.31 85.2) 0.80 | 3.58 0.88 0.89 X 108 4.36 10? 
7.94 85.5 0.53 | 3.93 | 0.39 | 1.35 108 | 1.62 103 
7.94 | 85.5 | 0.54 | 3.7 0.45 | 1.08 X 108 | 1.29 x 108 
7.72 85.6) 0.42 4.04 | 0.35 | 1.24 * 108 | 2.35 x 103 
7.72 85.6) 0.42 3.85 | 0.43 | 0.96 & 108 | 1.83 x 103 


Average 


* Conditions as in Table V. 


It has been shown with C'-labeled pyruvate that in muscle 
incorporation into glycogen proceeds without rearrangement of 
the carbon skeleton (29, 30). There is, thus, no evidence that 
in this tissue the pathway is through tricarboxylic acid cycle 
intermediates. The occurrence of net synthesis of hexose from 
pyruvate in muscle is, however, uncertain. 

Conversion of PE to pyruvate by way of the pyruvate kinase 
reaction in the presence of mitochondria and ATP has been 
studied by Von Korff and Twedt (31). ATPase activity was 
sufficiently high under anaerobic conditions to permit a rapid 
and complete conversion of added PE to pyruvate. <Aerobically, 
the PE level remained constant. It is noteworthy that aero- 
bically the ratio of PE to pyruvate was maintained at about 10 to 
1; this requires a remarkably high ATP:ADP ratio and indicates 
very efficient oxidative rephosphorylation of ADP. 


SUMMARY 


Enzymatic systems have been described in which a high ratio 
of adenosine triphosphate to adenosine diphosphate maintained 
by rephosphorylation of adenosine diphosphate permits phos- 
phoenol pyruvate accumulation through reversal of the pyruvate 
kinase reaction. 

Reversal of: the glycolytic reactions from pyruvate to a-glye- 
erophosphate and fructose 1,6-diphosphate in a reconstructed 
system of glycolytic enzymes has been demonstrated. 

The equilibrium of the pyruvate kinase reaction has been 
measured in the absence of myokinase at various pH levels 


(adenosine triphos- 
phate)(pyruvate) 


- = 1.15 10. 


(adenosine diphosphate) 
(phosphoenol pyruvate) (H*) 
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On the Mechanism of Action of Yeast Endo-Polygalacturonase 
on Oligogalacturonides and Their Reduced 
and Oxidized Derivatives 


D. S. Pate, AND H. J. PHAFF 


From the Department of Food Technology, University of California, Davis, California 


(Received for publication, August 7, 1958) 


Yeast polygalacturonase catalyzes a random hydrolysis of 
pectic acid to a mixture of digalacturonic and galacturonic acids 
via a series of oligogalacturonides (1). This enzyme will be 
termed yeast endo-polygalacturonase to differentiate it from 
end group-hydrolyzing enzymes, which have been named exo- 
polygalacturonases (2). Evidence has been presented that 
yeast endo-polygalacturonase is a single enzyme (3). Penta- 
galacturonic acid undergoes a (2 + 3) and a (4 + 1) cleavage 
during hydrolysis, but tetragalacturonic acid undergoes cleavage 
into trigalacturonic and galacturonic acids only. The remainder 
of the hydrolysis consists of a very slow breakdown of the trimer 
into dimer and monomer. The rate of hydrolysis of tetragalac- 
turonic acid is much faster than that of the trimer, but it is 
appreciably slower than the rate of breakdown of pectic acid. 
In order to explain the decreasing rate of hydrolysis with a 
shortening of the oligouronide chain length, Demain and Phaff 
(1) postulated that one of the end groups in an oligo- or poly- 
uronide chain hinders hydrolysis when the linkage in question 
is close to this end group. This view would also explain the 
inability of yeast endo-polygalacturonase to attack digalacturonic 
acid. Support for this hypothesis would be obtained if it could 
be shown that the hydrolysis of tetragalacturonic acid occurs at 
only one end of the chain. Accordingly, a series of oxidized and 
reduced derivatives of the oligouronides was prepared and used 
as substrates. Thus if terminal hydrolysis is still possible, 
cleavage at the bond farthest from the modified reducing group 
would produce galacturonic acid from the tetramer. If cleavage 
occurs at the bond adjacent to the modified reducing group, 
trigalacturonic acid and t-galactonic acid or mucic acid would 
be formed. The results presented below give evidence that the 
(3 + 1) cleavage of tetragalacturonic acid occurs at the latter 
bond, and that the bond at the nonreducing end of the chain is 
naturally protected from attack by yeast endo-polygalacturonase. 


EXPERIMENTAL 


Yeast Endo-Polygalacturonase—The enzyme solution was the 
culture fluid of Saccharomyces fragilis, obtained under growing 
conditions described earlier (4) and dialyzed at room temperature 
against 0.1 m acetate buffer at pH 5.0. The activity of such a 
solution is highly reproducible and was 9.7 x 10-* polygalac- 
turonase unit per ml. (1). 

Preparation of Substrates—Acid-soluble pectic acid of low 
molecular weight was prepared by the procedure of McCready 
and Seegmiller (5). Its average DP! as determined by a hypo- 


1The abbreviation used is: DP, degree of polymerization. 


iodite method (6) for reducing groups, titration of the carboxy] 
groups, and estimation of the anhydrouronic acid content (7) 
was found to be about 14. Di- and trigalacturonic acids were 
obtained by the procedure of Phaff and Luh (8), and tetraga- 
lacturonic acid by the method of Demain and Phaff (9). The 
oligouronides produced single spots after paper chromatography 
and had carboxyl :aldehyde ratios of 1.99, 3.02, and 3.98 for the 
dimer, trimer, and tetramer, respectively. Reduced pectic acid 
(DP 14) and reduced oligouronides were prepared by treating 
the various compounds with sodium borohydride according to 
the procedure of McCready and Seegmiller (5). In this way the 
end p-galacturonic acid unit is changed to L-galactonolactone. 
Yields of about 90 per cent were obtained. The reduced com- 
pounds moved as single spots during paper chromatography and 
behaved as nonreducing acids. They also reacted as lactones 
when the spots were sprayed according to the procedure of Gee 
and McCready (10). The Rgat. acia? values of reduced dimer, 
trimer, and tetramer were 0.92, 0.60, and 0.56, respectively, as 
compared to 0.75, 0.58, and 0.49 for the corresponding free 
oligogalacturonides. 

Oxidized pectic acid (DP 14) and oligouronides were prepared 
by hypoiodite oxidation of the aldehyde group to a carboxyl 
group; thus the terminal p-galacturonic acid unit was changed to 
mucic acid. -After aqueous solutions of the various uronides 
were adjusted to pH 5.0 with NaOH, the hypoiodite procedure 
of Jansen and MacDonnell (6) was followed with use of a smal] 
excess of iodine. The solutions were acidified with 28 per cent 
acetic acid to liberate excess iodine. The excess iodine was 
titrated with 0.1 nN Na.S.0O; without starch indicator. The 
oxidized pectic substrates were then precipitated by adding 
BaCl, and 2 volumes of 95 per cent ethanol and were finally 
converted to the free acids by treating them with Dowex 50 in 
the acid form. The oxidized oligouronides moved as single 
spots on a paper chromatogram, but oxidized pectic acid re- 
mained at the point of application. All of the oxidized sub- 
strates reacted as nonreducing acids and as lactones. The 
Reat. acia? Values of the oxidized dimer, trimer, and tetramer 
were 0.94, 0.64, and 0.59, respectively. 

Designation of Bonds—In all instances, the glycosidic linkage 
next to the terminal reducing group (or its modification) will 
be termed bond 1. The next bond is 2 and so on. 

Paper Chromatography—The method of Jermyn and Isherwood 
(11), as modified by Demain and Phaff (9), was used to deter- 


2 Real. acid = the ratio of the movement of an oligouronide to 
that of a-p-galacturonie acid. 
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mine the relative movement of oligouronides and their deriva- 
tives as compared to p-galacturonic acid (Regat. acia). 

Determination of Reaction Rates—Glycosidic hydrolysis of 
pectic acid (DP 14) and its oxidized and reduced derivatives 
was followed by the hypoiodite procedure as modified by Jansen 
and MacDonnell (6). The enzymatic reaction was carried out 
at 30° and pH 5.0 in 0.1 M acetate buffer. Substrate concentra- 
tion was 0.5 per cent (weight per volume). A polygalacturonase 
unit is that amount of enzyme which will release 1 mmole of 
aldehyde groups per minute from pectic acid (1). With 
oligouronides, a semimicro modification of the hypoiodite method 
was used (assay conditions, pH 3.5 and 30°). A 2-ml. aliquot 
(containing about 6 wmoles of uronide) was removed from the 
reaction mixtures and pipetted into a 25-ml. glass-stoppered 
Erlenmeyer flask containing 0.35 ml. of 1 Mm NaeCOs;, and then 
2 ml. of 0.05 N iodine were added. After 20 minutes, the reac- 
tion mixture was acidified with 0.8 ml. of 2 N HeSO,; and the 
liberated iodine titrated with 0.0125 N NaesS.O3, with starch 
as indicator. 

RESULTS 

Hydrolysis of Tetragalacturonic Acid and Its Reduced and 
Oxidized Derivatives—When 0.25 per cent solutions of the three 
substrates, buffered at pH 3.5 with 0.05 m phthalate buffer, are 
treated with 10 per cent (volume for volume) of veast endo- 
polygalacturonase solution, the changes that follow are shown 
in Table I. The previously shown (3 + 1) cleavage of tetra- 
galacturonic acid (1) was confirmed. The enzyme was _ not 
able to hydrolyze the reduced tetramer even after a prolonged 


reaction time. The hydrolysis of the oxidized tetramer was 
extremely slow as compared to that of the tetrauronide, and 
occurred only at bond 2, producing digalacturonic acid and 


a-b-galacturonosyl-mucic acid lactone. 

A similar experiment was done with tri- and digalacturonic 
acids and their oxidized and reduced derivatives, except that 
20 per cent (volume for volume) of enzyme solution was used. 
Trigalacturonic acid was slowly hydrolyzed into dimer and 
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monomer, but none of the other compounds was attacked by 
yeast endo-polygalacturonase. 

Inhibition of Tetragalacturonic Acid Breakdown by its Reduced 
and Oxidized Derivatives—Since it was found that trigalacturono- 
syl-L-galactonolactone was not attacked by yeast endo-polyga- 
lacturonase, it was of interest to determine whether there is 
any affinity between the enzyme and this compound. This 
point was studied by plotting the rate of the enzymatic reaction 
with tetragalacturonic acid as substrate in the presence of 
increasing molar ratios of the reduced tetramer. The initial 
rates are due to the hydrolysis of tetragalacturonic acid only, 
since the breakdown of the trimer formed is negligible in short 
time experiments. 

Fig. 14 shows the results obtained and the experimental 
conditions. The increase in reducing values was determined in 
2-ml. aliquots by the semimicro modification of the hypoiodite 
method. At the highest relative concentration of the reduced 
tetramer (ratio 1:1), the reaction rate was decreased 59 per cent, 
which indicated that the affinities of yeast endo-polygalac- 
turonase for the two substrates are approximately equal. 

A comparable experiment was done with oxidized tetra- 
galacturonic acid. Although this compound is attacked by 
veast endo-polygalacturonase, the rate of hydrolysis at bond 2 
is so slow that its hydrolysis in short time experiments is negli- 
gible. Thus, information regarding its affinity to veast endo- 
polygalacturonase can be obtained by studying its effect on the 
rate of breakdown of tetragalacturonic acid. The results are 
presented in Fig. 1B. Assay conditions were the same as in 
the previous experiment. At an equimolar ratio (1:1), the rate 
of tetragalacturonic acid hydrolysis was decreased 67 per cent. 
Thus, in spite of the slow rate of hydrolysis of the oxidized 
tetramer, its affinity for the enzyme appears to be at least ds 
strong as that of tetragalacturonic acid. 

Hydrolysis of Reduced and Oxidized Pectic Acids (DP 14) by 
Yeast Endo-polygalacturonase—In view of the results reported 
above, it was of interest to compare the action of ‘yeast endo- 
polygalacturonase on pectic acid and its reduced and oxidized 


TABLE 
Hydrolysis of tetra-, reduced tetra-, and oxidized tetragalacturonic acids by yeast endo-polygalacturonase 


Tetragalacturonic acid 


Time Oligogalacturonides Time 
Tetra Tri- Di- Mono- 
min. min. 
0 + 0) 
5 + 20 
20 + (+ )T (+ )T hrs. 
40 (+ )T + + 33 
hrs. 50 
1 + + 192 
1.5 + 
4 +- 
15 + + 
50 + (+) + 
192 (+)T + 


at pH 3.5 as shown by paper Chromatography* 


Reduced tetragalacturonic acid 


Oxidized tetragalacturonic acid 


Oligogalacturonides Time Oligogalacturonides 
Tri- Di Mono Tri- | Di- | Mono- 
min, | 
0 | | 
| | | 
| 
40 | 
75 
hrs. 
2 
24 
48 | + | 
161 | +> 


* 10 per cent (volume for volume) concentration of veast endo-polygalacturonase. Control experiments (no enzyme) showed only 


the original substrates at the end of the experiments. 
+ (+) represents weak spots. 
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Fic. 1. Inhibition of the hydrolysis of tetragalacturonic acid at pH 3.35. A, in the presence of various molar ratios of reduced 
tetragalacturonic acid; B, in the presence of various molar ratios of oxidized tetragalacturonic acid. Tetra, tetragalacturonic 
acid; R-tetra, reduced tetragalacturonie acid; O-tetra, oxidized tetragalacturonic acid. Assay conditions: substrate concentra- 
tion, 0.25 per cent tetrauronide + various amounts of reduced or oxidized tetrauronide; buffer, 0.05 m phthalate, pH 3.35; tempera- 
ture, 30°; enzyme concentration, 1.9 X 10~% polygalacturonase unit per ml. of reaction mixture. 


TABLE II 


Paper chromatographic analysis of galacturonides produced during hydrolysis of pectic acid (P) DP 14, reduced pectic acid (RP), and 
oxidized pectic acid (OP) by 2 per cent (volume for volume) of yeast endo-polygalacturonase 


Substrate concentration was 0.5 per cent (weight per volume) in 0.1 mM acetate buffer, pH 5.0; temperature, 30°. 


| Galacturonides 
Time | Poly- | Hexa-* Penta-* Tetra- | Tri- Di- | Mono- 

Pp RP | OP | P RP OP) P| RP | OP | | RP |op | P | RP | op | P | rep | op Pp | RP oP 
min. | | | | | | 
1.5) + + + | | | | | | 

60 + +] +] +i + | | 

hrs. | | | | | | | 

| | | | + | | + | + | | + | 

10 | | | + + + | + | +f (+)f 
| + + | + + 
| | | | | | + | + + | + 
92; | | | | | | 7 

| | | + | + 


* These spots were only tentatively assumed to represent hexa- and pentagalacturonic acids from their relative positions on the 
paper (9). 

t (+) represents weak spots. 

t+ represents very weak spots. 


derivatives. Since yeast endo-polvgaiacturonase catalyzes a initial rapid phase of hydrolysis at approximately the same rate 
random hydrolysis of polygalacturonic acid (1), it might be ex- to mixtures of hexa-,’ penta-,’ tetra-, tri-, and digalacturonic 
pected that the hindrance caused by the modified terminal acids which were detected by sprays specific for reducing com- 
groups of the oligouronides would be lessened or be absent pounds. However, the disappearance of hexa-, penta-, and 


during the initial stages of hydrolysis. tetragalacturonic acids, and the appearance of galacturonic 
Gross changes during the hydrolysis of the three substrates acid was much faster with pectic acid than with oxidized pectic 
were followed by paper chromatography and are shown in 3 These spots were only tentatively assumed to represent hexa- 


Table II. A comparison of these data shows that all three ang pentagalacturonie acids from their relative positions on the 
substrates were attacked and were broken down during the _ paper (9). 
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Fia. 2. Hydrolysis of pectic acid, reduced pectic acid, and oxi- 
dized pectic acid by yeast endo-polygalacturonase at pH 5.0. 
Assay conditions: substrate concentration, 0.5 per cent; buffer, 
0.1 mM acetate, pH 5.0; temperature, 30°; enzyme concentration, 
1.9 X 10-* polygalacturonase unit per ml. of reaction mixture. 
Assay method: 5 ml. of reaction mixture were analyzed for increase 
in reducing groups by the hypoiodite method. 


acid, which in turn reacted faster than reduced pectic acid. 
When the hydrolysis of the same substrates was followed quanti- 
tatively by the hypoiodite method, the changes that oecurred 
are shown in Fig. 2. ‘Two phases of reaction were obtained for 
each substrate. An initial rapid linear phase was common to all 
three. However, the rate of hydrolysis of reduced pectic acid 
departed from linearity much earlier than that of oxidized pectic 
acid, which in turn deviated a little earlier than the curve for 
pectic acid. Also, the extent of hydrolysis at the end of the 
experiment was greatest for pectic acid and least for reduced 
pectic acid. These results are in agreement with the indications 
obtained during the chromatographic analysis of the reaction 
products (see Table IT). 


DISCUSSION 


The foregoing experiments have shown that trigalacturonosy]- 
L-galactonolactone (reduced tetragalacturonic acid), and_ tri- 
galacturonosyl-mucic acid lactone (oxidized tetragalacturonic 
acid) have at least as much affinity for yeast endo-polyga- 
lacturonase as tetragalacturonic acid itself. This conclusion is 
based on the strong inhibition of tetragalacturonic acid hydrolysis 
by the oxidized and reduced derivatives. Nevertheless, the 
reduced tetramer was not attacked at all, and the oxidized 
tetramer underwent only a very slow hydrolysis at bond 2. 
This observation provides strong evidence that in tetraga- 
lacturonic acid the (3 + 1) cleavage occurs exclusively at bond 1. 
Oxidation or reduction of the aldehyde group in tetragalacturonic 
acid protects bond 1 completely. If tetragalacturonic acid could 
also be hydrolyzed at bond 3 (similarly producing a 3 + 1 
cleavage), oxidized tetramer would definitely be expected to 
undergo cleavage at bond 3, since bond 2 (one linkage removed 
from the protected bond 1) was slowly attacked. Terminal 
hydrolysis, however, was not observed with this substrate. 
Reduction of the terminal aldehyde group of tetragalacturonic 
acid must cause even a greater hindrance to the action of veast 
endo-polygalacturonase than does oxidation, for the reduced 
derivative was not attacked at all. Since there is affinity for 
the enzyme, it must be concluded that the interference with 
hydrolysis occurs in the breakdown of the enzyme-substrate 
complex, rather than in its formation. Demain and Phaff (1) 
postulated that one of the terminal molecules of a galacturonide 
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chain afforded complete protection to the neighboring glycosidic 
linkage and to the next one to a limited extent. The present 
findings support this hypothesis and indicate that it is the 
glycosidic bond next to the nonreducing end of a chain which 
is immune to attack by yeast endo-polygalacturonase. It may 
also be concluded that the modified trimers are not attacked, 
because bond 1 is completely protected by the modification and 
bond 2 is inherently inert. 

The strong interference of hydrolysis at bond 1 in modified 
tri- and tetragalacturonic acids may occur because the pyranose 
configuration in the terminal unit is destroyed and replaced by 
a lactone ring. Such a bond cannot be regarded as a glycosidic 
bond equivalent to that between 2 galacturonic acid units for 
an enzyme which hydrolyzes bonds in random fashion. Only an 
enzyme which hydrolyzes terminal galacturonosyl units would 
be expected to attack such modified oligouronides. In this 
connection, McCready and Seegmiller (5) showed that their 
fungal polygalacturonase preparation could hydrolyze reduced 
digalacturonic acid, and Brooks and Reid (12) reported that an 
end group-hydrolyzing fraction of a fungal pectic enzyme was 
able to hydrolyze oxidized digalacturonic acid. The inhibition 
of glycosidic hydrolysis by modified oligouronides is somewhat 
comparable to the strong inhibition of glycosidases by aldo- 
lactones of corresponding configuration as reported by Conchie 
and Levvy (13). When the chain length of polygalacturonic 
acid with modified end groups was increased to an average DP 
of 14, the initial rate of attack on these substrates by the ran- 
domly cleaving yeast endo-polygalacturonase was found to be 


the same as on pectic acid. After the initial rapid rate of hydrol- — 


ysis, the competitive inhibition of oligouronide breakdown by 
fragments containing a modified end group makes itself felt. 
Since oxidized tetragalacturonic acid was shown to have greater 
affinity for yeast endo-polygalacturonase than the reduced 
tetramer, one might expect an earlier deviation from linearity 
with the first substrate (cf. Fig. 2). That the opposite was found 


is undoubtedly due to the fact that, in long term experiments, | 
oxidized tetramer undergoes cleavage at bond 2 and thus its © 


effective concentration decreases. Reduced tetramer, on the 


other hand, is not attacked. 


Oxidized digalacturonic acid prob- 


ably has no affinity for the enzyme, since digalacturonic acid 


has no affinity for yeast endo-polygalacturonase (1). 
Preferential hydrolysis of glycosidic bonds due to interference 

by one of the end groups in oligosaccharides has also been 

demonstrated for amylase (14-16) and for cellulase (17). 


SUMMARY 


A study was made by paper chromatography of the action of - 


yeast endo-polygalacturonase on tetra-, tri-, and digalacturonic 
acids in which the terminal aldehyde group was either reduced 
or oxidized. Oligouronides were used for comparison. 


Al- 


though tetragalacturonic acid undergoes a (3 + 1) cleavage, © 
trigalacturonosyl-L-galactonolactone (reduced tetragalacturonic 


acid) was not attacked at all, and trigalacturonosy]-L-mucic 
acid lactone (oxidized tetragalacturonic acid) was very slowly 
attacked, but only at bond 2. Trigalacturonic acid is slowly 
hydrolyzed to di- and galacturonic acids, but its derivatives 
were not attacked. The dimer and its modifications are also 
immune to attack by the enzyme. Inhibition experiments 


indicated that the affinities of reduced or oxidized tetramer for 
yeast endo-polygalacturonase are at least as great as that of 


tetragalacturonic acid. 


It was concluded that tetra- and tr-— 
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galacturonic acids undergo terminal hydrolysis by yeast endo- 
polygalacturonase and involve only the terminal reducing 
galacturonic acid unit. Acid-soluble pectic acid of an average 


degree of polymerization of 14 and its oxidized or reduced deriva- 
tives were hydrolyzed with the same initial velocity, but both 
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the secondary rate and the extent of hydrolysis were lower with 
the pectic acids containing a modified end group. This was 
evidently due to the competitive inhibition of tetragalacturonic 
acid hydrolysis by the reduced or oxidized fragments liberated 
during the initial phase. 
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Phosphoglyceric Acid Mutase Activity without Added 
2,3-Diphosphoglycerate in Preparations Purified 
from Wheat Germ* 
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The phosphoglyceric acid mutases from Baker’s veast and 
rabbit skeletal muscle have been erystallized or highly purified 
in this laboratory, and a comparative study of the kinetic and 
molecular properties has been conducted (1-3). The phospho- 
glyceric acid mutases from these two sources as well as from many 
others (2, 4) are stimulated by catalytic amounts of 2,3-di- 
phosphoglyceric acid, as was observed previously by Sutherland 
et al. (5). We found, however, that crude wheat germ extracts 
and partially purified preparations from these extracts (4) appear 
not to require 2,3-diphosphoglvceric acid for activity. More- 
over, traces of activity at high concentrations of crystalline veast 
mutase were observed in the absence of DPG (2).!. These obser- 
vations point towards possible differences in the active site(s) 
of the enzymes and make highly desirable the purification of the 
wheat germ mutase in order to conduct additional comparative 
studies. This paper presents a method for the extensive purifi- 
eation of the 3-phosphoglyceric mutase from wheat germ. A 
number of the properties of the enzyme are also described. 


EXPERIMENTAL 
Materials 


Wheat germ, General Mills (8-50), was a gift of Dr. J. 8S 
Andrews. 3-PGA containing 0.26 per cent DPG was obtained 
from Schwarz Laboratories. 3-PGA free from DPG and enolase- 
free mutase were obtained as previously described (4) from veast 
except that the acetone fractionation was carried out between 
the limits of 38 to 48 per cent with a vield of 70 per cent activity. 
The ethanol fractionation vielded 55 per cent of this activity with 
a ratio of enolase to mutase of 50:1. This ratio was increased 
by the resin treatment previously described (4). We wish to 
thank Dr. Henry Buehler of Anheuser-Busch, Inc., for a gift of 
dried bottom veast. DPG was isolated from pig blood by a 
modification of the procedure of Greenwald (4, 5). pu-2-PGA 
was obtained as previously described (2). Glucose 1,6-phos- 
phate was a gift of Dr. D. FE. Koshland. Crvstalline trypsin was 


* Supported by grants from the Helen Hay Whitney Founda- 
tion and the American Heart Association. 

+ Part of this work was conducted during the tenure of an Es- 
tablished Investigatorship of the American Heart Association. 

1 The abbreviations used are: DPG, p-2,3-diphosphoglvceric 
acid; 3-PGA, p-3-phosphoglvceric acid; 2-PGA, p-2-phosphogly- 
ceric acid; pL-2-PGA, p1L-2-phosphoglvceric acid. The use made 
here of the abbreviation PGA departs from the usual conventions 
of the Journal, but it has been emploved here for compactness of 
presentation. 


a Worthington product. 
from Dr. Paul Bechtner of the American Colloid Company. 
enzyme activity was followed as previously described (1, 2). 


Protein was estimated by the method of Mokrasch et al. (6). ) 


The method of Keilin and Hartree (7) was adopted for the 
preparation of phosphate gel and was modified for larger quanti- 
ties as follows. 228 gm. of Na3PO,4-12 H.O in 51. of tap water 
were mixed with 131 gm. of CaCl.-2 H:O dissolved in 1 1. of tap 
water. The pH was adjusted to 7.4 with concentrated acetic 
acid and the mixture was diluted to about 40 1. in a tall, eylindri- - 
eal jar. The precipitate was washed six times by decantation 
with tap water and finally concentrated to about 1.5 1. (30 mg., — 
dry weight, per ml.). 

Inorganic phosphate was measured by the method of Gomori 
(8) and total phosphate, by the method of Lowry et al. (9). 
In some cases due to interfering colors in hydrolyzed samples the 
phosphomolybdic blue was extracted with butanol before meas- 
urement of chromogenicity. DPG was measured as previously 
described (4). 

A bentonite suspension was prepared by mixing 1 part of 
bentonite with 20 parts of deionized water. The mixture was © 
centrifuged at 300 x g for | minute. The black coarse precipi- | 
tate was discarded and the supernatant fluid was mixed for 2 
to 3 minutes in a Waring Blendor. It was then centrifuged at 
2000 x g for 10 minutes and the supernatant fluid was discarded. - 
The precipitate was taken up in about 12 parts of water and — 
centrifuged again for 15 minutes at the same speed. Finally | 
the precipitate was taken up in a minimal amount of water toa 
thick paste and the drv weight was measured. | 

All other materials were commercial products. 


Methods 


Definition of Specific Activity—The same units as previously 
described (1, 2) are used throughout this paper. The ratio of | 
enzyme units per milligram protein is the specific activity. 

Enzyme Purification—All the steps of the fractionation pro-— 
cedure, unless specified otherwise, were carried out at 0°. The 
ammonium sulfate solutions were saturated at this temperature. 
Centrifugations were for 20 minutes at 4000 x g unless specified | 
otherwise. 

The procedure described here is quite reproducible for a par- 
ticular batch of wheat germ. Less than 20 per cent variation — 
has been encountered in some 10 fractionations in either vield ot | 
specific activity. However, we have noticed during a 3-veat 
period some variability in the procedure with different batches’ 
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of wheat germ. It is suggested that a preliminary trial fractiona- 
tion run be carried out with every batch of wheat germ. 

To each 1000 ml. of the preparation WMH of Tchen and Ven- 
nesland (10), called here Fraction 1 (water extraction of wheat 
germ followed by nucleic acid precipitation with Mn**), 600 ml. 
of ammonium sulfate, pH 5.5, were added with stirring and the 
mixture was centrifuged. The precipitate was discarded and 
the enzyme was precipitated by the addition of 790 ml. of am- 
monium sulfate. The precipitate obtained after centrifugation 
was taken up in water and brought back to 1000 ml., to give 
Fraction 2. At this or later stages the enzyme can be frozen 
for several weeks without loss of activity.2 500 ml. of water and 
500 ml. of calcium phosphate gel (30 mg. per ml.) were now added 
to Fraction 2. The mixture was left standing for 10 minutes 
with occasional stirring; it was centrifuged and the precipitate 
discarded. The supernatant fluid, Fraction 3 (1800 ml., see 
Table 1), was mixed with 1670 ml. of ammonium sulfate, pH 7.5, 
and the precipitate obtained after centrifugation was discarded. 
The enzyme was precipitated from the supernatant fluid by the 
addition of 1550 ml. of ammonium sulfate followed by centrifu- 
gation. The precipitate was dissolved in water to a volume of 
333 ml., to give Fraction 4. 

When no higher specific activity than 200 was needed, Frac- 
tion 4 was mixed for about 5 minutes in the cold with half its 
volume of a suspension containing from 20 to 25 mg. of benton- 
ite per ml. The mixture was centrifuged and the precipitate 
was discarded. The supernatant fluid, Fraction 4a, was kept. 
It should be pointed out that in spite of the excellent recovery 
and purification accomplished in this step we have not been 
able to accomplish further purification after bentonite treatment 
either at this or any other steps when bentonite adsorption has 
been used. 


490 mg. of trypsin were added to Fraction 4. The mixture | 


was then incubated at 30° for 25 to 30 minutes? and then cooled 


in an ice water bath, and any precipitate was discarded after - 


centrifugation. The trypsin-treated preparation was then mixed 
with 278 ml. of ammonium sulfate, pH 7.5, and the precipitate 
formed was discarded after centrifugation. To the supernatant 
fluid 116 ml. of ammonium sulfate were then added, and the pre- 
cipitate was collected and made up with distilled water to 165 
ml. to give Fraction 5 (see Table I). 

The next step for purification yields best results when con- 
ducted on small amounts, therefore 11 ml. of 0.01 mM uranium 
acetate were added to each 10-ml. aliquot of the preceding frac- 
tion, and the mixtures were centrifuged after 5 minutes. The 
supernatant fluids were discarded and precipitates were dispersed 
as well as possible by gentle stirring with 10 ml. of 0.005 m potas- 
sium phosphate buffer, pH 7.5. The well dispersed preparations 


2 At this or later stages and at pH 7.5 the enzyme is very stable. 
For example, no inactivation was noted after 20 hours of ineuba- 
tion at 38°. 

3A trypsin titration revealed this amount to be optimum. 
There is no marked proteolysis under the conditions tested. At 
lower levels of trypsin no further purification could be accom- 
plished. Thus it appears likely that some binding (whether or 
not to other protein) group was cleaved during the trypsin treat- 
ments or that some proteins coprecipitate with the trypsin, per- 
mitting further fractionation. It should be pointed out that at 


this stage no adsorption or purification of the enzyme was achieved 
With a wide variety of adsorbents (except with bentonite), sol- 
vents, salts (other than ammonium sulfate), or by cellulose chro- 
matography. 
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TABLE I 
Purification of wheat germ phosphoglyceric acid mutase 
Fraction | Volume Total activity | Total protein perm vo Yield 
mil, units* meg. % 
1 1000 140,000 60, 000 2.3 100 
2 1000 140,000 12,400 11.3 100 
3 1800 135,000 7,470 18.4 96 
4 333 120, 450 2,790 44.6 89 
fat (490 ) (115,000) (640) (180) (82) 
5 165 59, 500 582 102 42.5 
6 165 49, 500 247 200 35.4 
77 (300 ) 37,200 93 (400) f 26.6 


* An enzyme unit causes an increase in optical density of 0.100 
per minute under the assay conditions of the enolase-coupled 
method (2). Since linear kinetics occur for only a short interval 
at pH 7.0 or lower (see Fig. 1), the assays during purification were 
conducted at pH 8.7. 

| The figures in parentheses have been calculated froma second 
fractionation. 

t Occasionally specific activity of 480 has been obtained. 


were centrifuged and the precipitates discarded. The combined 
supernatant fluids are Fraction 6. 

Fraction 6 was mixed for about 5 minutes with a volume of a 
suspension containing 8 to 10 mg. of bentonite per ml. The 
mixture was centrifuged and the supernatant fluid collected to 
give Fraction 7. 

A summary of the purification procedure is shown in Table I. 

DPG Requirements—The purified enzyme or any of the frac- 
tions shown in Table I is not stimulated by DPG as shown in 
Fig. 1. There is no change in the rate in the absence of this 
material or with concentrations high enough to stimulate mark- 
edly the crystalline phosphoglyceric mutase of yeast as shown in 
the same figure. Since the possibility existed that cofactors 
other than DPG are required for the enzyme activity, attempts 
were made to stimulate the purest enzyme fraction or partially 
inactivated fractions from them (by acetone fractionation) with 
boiled juice from the same enzymatic preparations, and with 


0.51 
0.4 
0.3 
0.2 


0.1 


Minutes 
Fig. 1. The effect of DPG upon the phosphoglyceric acid mu- 


tase from yeast and wheat germ. Open symbols, crystalline yeast 
phosphoglyceric acid mutase; open squares, in the presence of 0.1 
micromole of DPG; open circles, without DPG. Solid signs: 
wheat germ mutase Fraction 6 with (circles) or without (squares) 
DPG. The conditions of assay were as previously described with 
the rapid coupled assay method (2). 
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% MAXIMUM ACTIVITY 
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8 
pH 


Fic. 2. The effect of pH upon mutase activity. Open signs 
assayed by the enolase coupled method, solid signs assayed by 
measuring residual 2-PGA as previously described (1, 2). Frac- 
tion 6 was used in these experiments. 


other suspected cofactors, such as glucose 1,6-diphosphate and 
phytic acid. The results were negative. 

pH—As seen in Fig. 2 from either direction the optimal pH 
for the enzyme is about 9. This optimal pH is more than 2 pH 
units removed from the optimal pH shown by the phosphogly- 
ceric mutase of muscle or of Baker’s yeast (2). 

Stability—The enzyme is unstable at temperatures above 50°; 
for example, 5 minutes of heating at 55° produces losses of 50 
to 80 per cent of enzymatic activity and complete loss was ob- 


served with 5 minutes of heating at 60° or higher. The enzyme 
3.0L 
> 2.0L 
1OL 


I/S 


Fic. 3. The effect of substrate concentration upon velocity. 
3-PGA as substrate in umoles per ml., velocity expressed as units 
(1). Fraction 6 was used in these experiments. 


TaBLe II 
Effect of pt-2-PGA concentration upon wheat germ mutase activity 
The volume was 1.0 ml. The additions were pL-2-PGA as 
indicated, 50 wmoles of tris(hydroxymethyl)aminomethane at 
pH 9.0, and 2 ul. of enzyme Fraction 6. Appropriate aliquots 
were tested for residual] p-2-PGA (2). 


piL-2-PGA Time p-2-PGA turned over ! Activity 
pmoles/ml. min | pmoles | pmoles/min. 

2 0.272 | 0.272 

10 1.73 | 0.346 

20 2.38 | 0.342 

40 Te 3.40 0.340 

80 15 | 4.6 0.307 
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is not protected from heat denaturation in the presence of am. 
monium sulfate as are the yeast and muscle mutases (1, 2). On 
the other hand the enzyme is fairly stable at alkaline pH levels 
so that no inactivation occurs up to about pH 9.5; the muscle 
enzyme is not stable at this pH (2,3). Ata pH of 5 and below 
the enzyme is denatured in a few minutes at room temperature, 

Equilibrium Constant at 30°—We reported (2) with the crystal- 
line yeast mutase the equilibrium constant, K,, = 3-PGA/2. 
PGA, to be 6. Estimation of the equilibrium with the wheat 
germ mutase gave consistently higher values. This could be 
presumably attributable to pH although we found previously (2) 
no effect on equilibrium within 2 pH units. Other possibilities 
were the effect of DPG or the high concentration of the enzyme 
used in the previous experiments (2). Equilibrium constant 


measurements with both veast and germ mutase measured simul- 


taneously and under a variety of conditions indicate no relation- | 


ship to these factors. The values found were consistently higher 
than 6, varving between 6 and 10, and were most likely attribut- 
able to experimental difficulties during measurements. A small 
error in the estimation of 2-PGA markedly affects the calculation 
of the A... 
(11) is no more sensitive than the method used here. Therefore 
we should like to retain a preliminary equilibrium of approxi- 
mately 6 until better methods of analysis are used for the estima- 
tion of the equilibrium constant. 

Effect of Substrate Concentration—The apparent KA, (Michaelis- 
Menten constant) for 3-PGA has been calculated from the data 
shown in Fig. 3 to be 6 X 10-4 Mm. Attempts to measure the 


Estimation of 3-PGA as the molybdate complex | 


K,, for 2-PGA were not successful as in the case of the yeast 


mutase (2) because of lack of a sufficiently sensitive method for 
estimation of 2-PGA. However, as is shown in Table II, the 
enzyme is not markedly inhibited by large concentrations of pDL- 
2-PGA (up to 80 umoles per ml.) in contrast to the yeast enzyme. 


Also from the data shown in Table II together with calculations 


based on the Haldane relationship (12), a preliminary value 
within the limits of 5 to 1 & 10-4 m for 2-PGA has been calcu- 
lated. It appears then that the yeast and muscle mutases (2) 


might have a higher affinity for these substrates than does the 


wheat germ mutase. 


Analysis for Phosphate and DPG—In a representative experi- | 
ment 34.2 mg. of protein (Fraction 6) in 0.75 ml. were mixed — 


with 0.75 ml. of cold 0.6m HCIO,;. The mixture was centrifuged 
and the precipitate was suspended in 1.5 ml. of 0.25 m HClO, 
and centrifuged. The combined supernatant fluids were then 
assaved for DPG. No DPG was detectable. The protein 


TaBLeE III 
Phosphatase activity of wheat germ mutase Fraction 4a 
Phosphatase activity for 3-PGA was present also in Fraction 6. 


The substrates below were incubated with 5 mg. of protein of — 


Fraction 4a and 50 uwmoles of tris(hydroxymethyl)aminomethane 
buffer of pH 7.0 in a final volume of 0.9 ml. at 38° for 30 minutes. 


| 
Sample Substrate pmoles added 

pmoles 
1 3-PGA 1 0.96 
2 3-PGA 5 2.45 
3 | DL-2-PGA 1.28 
4 DPG 1.5 2.27 
5 | DPG 3 4.08 
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precipitate was taken up in | ml. of 10 N HSOu,, heated at 160° 
for 12 hours, and then treated with hydrogen peroxide (13). 
Another sample was digested as in the Kjeldahl procedure for 5 
hours. ‘These samples showed no phosphate upon analysis. A 
similar sample was deproteinized with HCIO, and then subjected 
to alkaline hydrolysis in 0.6 ml. of saturated KOH. After a few 
minutes at 100° an insoluble dark brown gummy material was 
separated and then dissolved in 0.2 ml. of 10 N sulfuric acid. 
Both fractions were then neutralized and assayed for DPG. 
Both preparations were essentially free from this material (esti- 
mated to be less than 1 wmole/11 gm. of protein). A series of 
protein samples (Fraction 4a) were precipitated as above except 
that 5 per cent trichloroacetic acid was used. The samples 
varied from 50 to5 mg. Analysis for total phosphate (9) showed 
a maximal value of 1 mole/1710 kg. of protein sample (acid solu- 
ble supernatant fraction), and a maximum of 1 mole of phosphate 
per 1620 kg. of protein sample for the acid precipitated fraction. 

The specific activity of crystalline and of physically homoge- 
neous phosphoglyceric acid mutase enzymes from yeast and 
muscle, respectively, is 2400 (2), and it appears reasonable that 
this high turnover will not be surpassed by the wheat germ 
phosphoglyceric acid mutase. Therefore, after correcting for a 
purity based on a specific activity of 2400 and taking into con- 
sideration that preliminary evidence indicates that the wheat 
germ enzyme has a molecular weight not larger than 30,000, it 
is likely that the enzyme is essentially free from phosphate and 
from DPG as integral parts of the isolated protein. 

Phosphatase and Other Enzymatic Activities—As shown in 
Table III, partially purified wheat germ mutase readily cleaves 
phosphate from 3-PGA, 2-PGA and DPG. 

Fractions 6 and 7 are essentially free from enolase. The 
maximal enolase contamination detected in Fraction 6, in one 
case, WaS ;s'< of the mutase activity. After the third step of 
purification the enzyme is free from the carboxylating enzyme of 
Tchen and Vennesland (10). 


DISCUSSION 


The extensively purified phosphoglyceric acid mutase from 
wheat germ does not require added DPG for maximal activity, 
in contrast to the phosphoglyceric acid mutases of muscle and of 
yeast (2). 

The isolated enzyme has no bound DPG and is essentially 
free from phosphate. 

The molecular characteristics of this enzyme are not known as 
vet. The preliminary studies which were made with Fraction 6 
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were abandoned when higher specific activities (Fraction 7) 
were obtained. Since Fraction 7 has so far resisted concentra- 
tion or further purification, it has not been possible to do ultra- 
centrifugal or electrophoretic studies. 

As indicated in the legend of Table I, at pH 8.7 specific ac- 
tivities of 480, or about 20 per cent of the maximal specific ac- 
tivity of the crystalline yeast enzyme (2) have been obtained. 

The marked difference in optimal pH shown by the wheat 
germ, yeast, and muscle enzymes is noteworthy, as is the lack 
of inhibitory effect of pt-2-PGA on the wheat germ mutase in 
contrast to the inhibition shown on the yeast and muscle mutases 
(2). It is of interest also that although added DPG does not 
stimulate the wheat germ enzyme, we have found it to be in- 
hibitory at high concentrations. These facts, together with the 
marked phosphatase activity shown by the wheat germ mutase 
on 3-PGA, 2-PGA and DPG, in contrast to the yeast enzyme 
which has little phosphatase activity (2), indicate fundamental 
differences in the mechanism of action. In fact with DPG, Frac- 
tion 4a shows about 50 per cent and 10 per cent, respectively, of 
the activity of the extensively purified yeast and muscle DPG 
phosphatases recently studied by Joyce and Grisolia (14). It 
should be pointed out that the purified DPG phosphatase has 
little activity with 3- or 2-PGA as substrates, that these com- 
pounds are actually markedly inhibitory (14), and that DPG 
phosphatase action is not a dual function of the PGA mutase of 
veast (2, 14). 

It appears possible that a more detailed and comparative 
study of the phosphatase activities of the different mutases may 
clarify the enzymatic mechanisms of action, and these studies are 
being initated, particularly in view of the difficulties encountered 
with the further purification of the wheat germ mutase as dis- 
cussed in this paper. 

It will be of considerable interest to extend these comparative 
studies, since relatively little work has been done with enzymes 
from different sources, particularly where there is an apparently 
different coenzyme requirement. 


SUMMARY 


A method for the purification of the phosphoglyceric acid mu- 
tase of wheat germ is presented. The enzyme has been purified 
approximately 200 times and the activity of the best fraction is 
about one-fourth that of the crvstalline enzyme of yeast. 

Some of the properties of the purified enzyme, which does not 
require the addition of 2 ,3-diphosphoglyceric acid, are described. 
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Labeling of Glucose, Ribose, and Deoxyribose by 1- and 
2-C"-Glycine in Regenerating Rat Liver* 
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From the Medical Research Center, Brookhaven National Laboratory, Upton, New York 


(Received for publication, September 8, 1958) 


The present study was intended to provide information on 
the carbon sources of deoxyribose in animal tissues. Some 
tracer studies (2-5) have indicated that ribose of certain nucleo- 
sides or nucleotides is converted to deoxyribose without rupture 
of the nucleosidic linkage. However, evidence from cell-free 
preparations of animal tissues (6, 7) as well as microorganisms 
(6) has suggested an origin of deoxyribose separate from that 
of ribose and involving a condensation of a 2-carbon unit (acet- 
aldehyde) with a 3-carbon unit (glyceraldehyde 3-phosphate). 
Different origins for the two pentoses in regenerating rat liver 
were also suggested by the finding that, whereas the two pentoses 
were labeled to an equal extent when formed from 1-C'-acetate, 
ribose was labeled 5 times as much as deoxyribose when formed 
from 2-C'-acetate (8). Furthermore, NaHC'O3;, which labels 
essentially only carbon-3 of ribose in rat liver, has been found 
to place into carbon-1 two-thirds as much C" as into carbon-3 
of deoxyribose (9). 

In the present study C'-labeled glycine was used to compare 
the molecular pattern of labeling in various sugars from re- 
generating rat liver in order to test, among other possibilities, 
the supposition that deoxyribose might be formed from the 
porphyrin precursor, 6-aminolevulinic acid, or a compound 
similar in structure and origin. 


EXPERIMENTAL 


Sprague-Dawley white rats (150 to 280 gms.) were partially 
hepatectomized (10) and 5 hours later and at 24 and 48 hours 
thereafter were given by intraperitoneal injection either 1- or 
2-C'-glycine. During this time they consumed Purina dog 
chow ad libitum and drinking water containing 20 per cent 
sucrose (Experiment A) or dextrose (Experiment B). In one 
series (A) four rats each received 5, 10, and 10 ue. of one or the 
other position-labeled glycine (1.3 mc. per mmole), and in 
another set of experiments (B) five rats in each group each 
received 50, 100, and 100 we. (0.38 me. per mmole) (Table I 
below). On the 3rd day after operation the livers were re- 
moved and pooled for each group. Glycogen and _ nucleic 
acids were extracted essentially according to Bernstein (11). 
Glucose from purified glycogen was degraded by fermentation 
with Leuconostoc mesenteroides and subsequent chemical steps 
(12). Thymidine of DNA was isolated (13, 14) and fermented 
by Escherichia coli for degradation of deoxyribose (15). Ribose 
of RNA was isolated and purified (11) and degraded with 


* This research was supported by the United States Atomic 
Energy Commission. It has been presented in part to the Federa- 
tion of American Societies for Experimental Biology, Chicago, 
1957 (1). 


Lactobacillus pentosus (12). Glucose was measured by the 
method of Mendel et al. (16), ribose by that of Albaum and 
Umbreit (17), and deoxyribose according to Dische (18). Dupli- 
cate samples of CO. were measured in the gas phase with 
proportional counting (19). 


RESULTS 


General data on materials used, yields of products isolated 
from the rat livers, and average C™ content of carbohydrates 
are presented in Table I. The amount of glucose indicated is 
that measured after hydrolysis of glycogen. The amount of 
ribose is that measured after hydrolysis of mononucleotides 
from RNA and extraction with dioxane (11). The amount of 
deoxyribose is that calculated to be present in thymidine from 
the measurement of “purine deoxyribose” in isolated DNA 
(18). 


The C content of the carbohydrates is stated in Table | 


I in terms of the original specific activities of the carbohydrates | 


before known dilutions with carrier were made. For purposes 
of degradation samples of glucose were variably diluted with 


carrier from zero to 10-fold, ribose from 20- to 50-fold, and | 


thymidine from 150- to 200-fold. The relative amounts of C' in | 


the individual carbon positions of each carbohydrate are given 
in Table II in arbitrary units. 
the C™ content of deoxyribose was too low to be measured with 
any significant accuracy. 


DISCUSSION 


In the experimental series A | 


Formation of Deoxyribose from 6-Aminolevulinic Acid—The 


hypothesis that 6-aminolevulinic acid (or a like compound, 
such as the aldehydic analogue) might be a precursor of deoxy- 
ribose is proven by the present findings to be incorrect, since 
carbon-2 of glycine in metabolism provides carbon-5 of 6- 
aminolevulinic acid and would have thereby labeled particularly 
carbon-5 of deoxyribose, which was not found. 


is 


| 


Formation of Pentoses (General)—If deoxyribose is formed, 
as is suggested by certain evidence (2-5), by direct reduction — 
of ribose in glycosidic linkage, then labeling patterns in both — 


pentoses should be the same. 
largely the case (9, 20). 
rat liver, however, there were distinct differences between the 
two pentoses in the labeling of the first two carbons by either 
1- or 2-C'*-glycine (Table II). 


In bacteria this has so far been - 
In the present study with regenerating — 


In the present experiments with 1-C'-glycine ribose has 4_ 


labeling pattern which would suggest simultaneous operation 


of two pathways of formation, 7.e. decarboxylation of carbon-! 


of glucose and transketolation of the first two carbons of hexose 


to form the first two carbons of ribose. The pattern is essen- : 
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TaBLeE I 
Yields and general isotopic content of glucose, ribose, and deoryribose isolated from regenerating rat livers 


| 
| Available yields C4 content 
| 
Compound administered No. of | Total C™ per | “livers (wet | Combined | | eer iia 
| weight) sodium Glucose (of | Ribose sng — Glucose Ribose —_— 
| B mangers glycogen) | fof RNA) | thymidine) (of glycogen) (of RNA) thymidine) 
| 
| uc. | gm. | meg. | me meg. muc./mg. average carbon 
1-C'4-glycine | | | | | | 
Experiment A............ | 4 25 7509.1 2.3 
Experiment B............ | 5 | 250 28.1 | 256 212 | 9.6 a.é 2.1 | 2.3 1.2 
2-C'4-_glycine | | 
Experiment A............ 25 20.6 166 15 8.6 2.3 | 45 
Experiment B............ | § 250 29.4 350 2.4 42.1) 1.8 
TABLE II 


Positions of carbon in 1-C4-glycine administered 


Intramolecular distribution of C}4 in glucose, ribose, and deoxyribose formed from 1- and 2-C'4-glycine in regenerating rat liver* 


| 2-C'4-glycine administered 


carbohydrate | 
Ribose and Experimentt Experimentt | Experimentt Experimentt 
‘deoxyribose | B§ | B§ 
A | B A B A | B A B 

5 S4 SO 

2 ] 54 182 19¢ 7 70 53 53 60 
i 4 75 69 45 44 16! 39 38 60 56 392 

4 ug 100 100 100 100 100 34 342 Bi. 42 

5 2 62 4|| 100 100 100 100 100 

6 2 || 2¢ 4) 3? 4q 74 42 77 64 


| 


* Carbon with highest C™ activity in each sugar given a value of 100. 


Values are given as relative per cent of C. 


The carbohydrate analyzed was: T glucose; { ribose; § deoxyribose. 


© Standard error of sampling and counting equals 15 per cent. 


| Standard error of sampling and counting equals 5 to 10 per cent. 
* Standard error of sampling and counting equals 3 to 5 per cent; all others, standard error equals 3 per cent, where standard 


tially similar to that found by Bernstein (21) and by Marks and 
Feigelson (22) with NaHC™Q; in normal rat liver, by Bernstein 
in both ribose and deoxyribose from F. cola with 3,4-labeled 
glucose as precursor (9), and by Bagatell et al. in both ribose and 
deoxyribose from EF. coli with 1-C™-acetate as precursor (20). 

On the other hand, with 1-C'™-glycine as precursor in the 
present study the ratio of carbon-2 to carbon-3 and to carbon-1 
is much lower in deoxyribose than in ribose. This finding would 
seem to indicate that deoxyribose, in contrast to ribose, is not 
derived appreciably by decarboxylation of carbon-1 of 3-keto-6- 
phosphogluconate in the oxidative pathway for glucose. It 
also appears to render unlikely the formation of deoxyribose 
via decarboxylation of 2-keto-3-deoxy-6-phosphogluconate as 
suggested by Lanning and Cohen (23). 

In some contrast to the findings with 1-C!glycine, the 
relative labeling of the first two carbons of ribose by 2-C™- 
glycine is much closer to that of the first two carbons of glucose 
than it is to carbons-2 and -3 of glucose. The data resemble 
in this respect the pattern of labeling of ribose by 2-C'-glycine 
in the combined internal organs of chicks as shown by Bernstein 
(11), who interpreted his findings to support the concept of 
synthesis of ribose by combination of a 3-carbon and a 2-carbon 
unit. Actually the present findings show that there is a signifi- 


cantly greater ratio of C™“ activity between the 1- and 2-carbons 
of glucose than between the corresponding carbons of ribose. 
This would suggest that still other sources of these carbons of 
ribose should be considered. One such possibility is the trans- 
ketolation of the second two carbons of 3-hydroxypyruvate 
(24), which, if formed from 2-C'-glycine via serine, would 
presumably produce the requisite higher activity in carbon-2 
of ribose than in carbon-1. 

With 2-C'-glycine as precursor the ratio of carbon-1 to car- 
bon-2 of deoxyribose was approximately 3:2, in contrast to the 
ratio of less than 1 for ribose in both the present study and 
that of Bernstein (11). Since in deoxyribose formed from 2- 
C'elycine the ratio of carbon-4 to carbon-5 is also 3:2, the 
total labeling of the molecule could be considered consonant 
with the biosynthesis of deoxyribose as demonstrated by Racker 
(6), if the second two carbons of pyruvic acid serve as the 
source of an acetaldehyde moiety. If the acetaldehyde unit 
were to be provided from the third and fourth carbons of threo- 
nine, as suggested by Boxer and Shonk (25), one would not 
expect any appearance of radioisotope through this essential 
amino acid. Further experiments are needed in order to con- 
firm the occurrence of differences in the labeling of the two 
pentoses in these and other studies (8, 9), and before drawing 


= 

d 

} 

of | 

es , 

of 

m 

A 
es | 
es 

d 

in 

w,/2 

en} error = A/ - 

A n(n—1) 

th | 

he 

d, 

ce 

on 
th 
en 

ng 

he 

1eT 

4 
10D 

n-| 

en- 


Cu2 C-2 
i 
C-2 
4--- 
ct4 C74 c*4 C-5 
é 
C-5 C-6 
C-6 C-6 C-6 
I u Ill IV 
C-2 
Vv 
ct3 ct3 
ct3 C=3 cs 
C74 Vv 
C4 C-6 C-6 
Ul VI ‘VII C-5 
C-6 


IV 


Fig. 1. Series of transaldolation and transketolation reactions 
leading from 3,4-labeled hexose to formation of glycolaldehyde 
unit with both carbons labeled equally. I, fructose 6-phosphate; 
II, erythrose 4-phosphate; III, sedoheptulose 7-phosphate; IV, 
glyceraldehyde 3-phosphate; V, ‘‘active glycolaldehyde’”’; VI, 
ribose 5-phosphate; VII, xylulose 5-phosphate. 


any further conclusions about special pathways of biosynthesis 
of deoxyribose. 

Formation of Glucose—Labeling of the first two carbons of 
glucose by carboxyl-labeled precursors is thought to be in 
general an index of the activity of the pentose phosphate cycle 
(26, 27). It is reasonable to suppose that the activity of this 
cycle would be increased in regenerating liver compared to the 
normal liver in order to provide more ribose for synthetic pur- 
poses (27). With 1-C*-glycine the amount of C™ found in 
carbons-1 and -2 of glucose (relative to 3 and 4) is generally at 
the upper range, but does not exceed the amounts found in 
normal] rat livers with NaHCO; (21, 22, 28) and in man with 
1-C'-acetate (29). Carbons-1 and -2 of glucose often seem to 
be labeled nearly the same by carboxyl-labeled precursors (22, 
29), and in the present case they are actually equal to each 
other in each experiment. This would suggest transfer of C™ 
to carbons-1 and -2 simultaneously (see Fig. 1) which, as indi- 
cated by Horecker and Mehler (30), would occur if ribose were 
synthesized by transaldolation and transketolation rather than 
the oxidative reactions of the pentose phosphate cycle. The 
latter would transfer C™ from carbon-3 first into carbon-2 of 
hexose and into carbon-1 only by recycling of hexose. 

According to the classical concept of synthesis of glucose via 
reversal of glycolytic reactions the ratio of activities of C-2:C-1 
should equal the ratio for C-5:C-6, and C-3 should be equal to 
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or less than C-4 with 2-C-glycine as precursor. ‘This is clearly 
not the case with the present findings. Reactions of the pen- 
tose phosphate cycle could distort the symmetry of the Cu 
labeling, e.g. by ‘“‘transferring’”’ carbons-2 and -3 to carbons-] 
and -2 through the oxidative, followed by nonoxidative, reac- 
tions and by transferring carbon-3 to carbons-1 and -2 solely 
by the nonoxidative reactions, at the same time transferring 
carbon from positions 1 and 2 to position 3 (26) (Fig. 1). Actu- 
ally the hypothesis which includes the oxidative steps would 
fit the data better, but this is contrary to other indications as 
discussed above. Furthermore, a somewhat greater activity 
of the pentose phosphate cycle would seem to be needed to 
produce the pattern of labeling of glucose by 2-C"-glycine than 
is indicated by the pattern of labeling of glucose by 1-C™% 
glycine. It may be that some other reactions by which glycine 
or serine or related compounds (e.g. glycolaldehyde or 3-hydroxy- — 
pyruvate) form glucose are responsible for the paradoxical — 
findings. j 


SUMMARY ) 


Partially hepatectomized rats were given, by intraperitoneal | 
injection, 1- or 2-C'-glycine after which glucose (of glycogen), | 
ribose (of ribonucleic acid), and deoxyribose (of thymidine) | 
were obtained from the regenerated livers and examined for , 
content and intramolecular distribution of C'*. 

A hypothesis that 6-aminolevulinic acid (or a like compound) » 
might be a metabolic precursor of deoxyribose was _ proven 
incorrect by the fact that 2-C'-glycine did not label specifically 
carbon-5 of deoxyribose. Certain differences between ri- 
bose and deoxyribose in the labeling of the first two carbon 
atoms suggested that at least part of the deoxyribose originated | 
from a source not including ribose as a direct precursor. 

The labeling of ribose suggested a multiple source via the 
oxidative reactions of the pentose phosphate cycle as well as 
through various transaldolative and transketolative reactions. | 
Findings on glucose labeling from the two types of labeled 
glycine were somewhat contradictory in their apparent indica-— 
tion of extent of operation of the pentose cycle, and other 
possible pathways of glucose synthesis from glycine or serine | 
may need to be considered. | 
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Studies on the Glucuronic Acid Pathway 
of Glucose Metabolism 
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Studies on the formation of L-ascorbic acid and L-xylulose in 
animals have led to the postulation (1, 2) of a cyclic pathway of 
glucose metabolism by way of p-glucuronic acid, L-gulonic acid, 
L-xylulose, p-xylulose, and the pentose phosphate sequence 
(Fig. 1). Preliminary experiments from this laboratory (3) 
designed to test this hypothesis have shown that labeled L- 
gulonolactone is readily converted to liver glycogen and that 
the distribution of label in the glucose chain is consistent with 
the operation of this pathway. In the present paper, further 
evidence is adduced in support of this hypothesis, both from 
more detailed studies of the metabolism of t-gulonolactone and 
from the analogous behavior of p-glucuronolactone.! 


EXPERIMENTAL 


Wistar strain rats weighing 240 to 300 gm., and guinea pigs 
weighing 300 to 400 gm. were fasted for 24 hours and were then 
given by stomach tube 600 mg. of glucose per 100 gm. of body 
weight in 50 per cent aqueous solution immediately before 
intraperitoneal injection of labeled p-glucuronolactone or L- 
gulonolactone. 

In experiments in which both C and C' were used, the singly 
labeled substrates were combined, and carrier substrate was 
added to make a total dose of 25 mg. The average C“ abundance 
in the dose administered varied in different animals from 2.44 
to 5.08 atom per cent excess. The total C' given to each animal 
was of the order of 1.5 ue. 

In the measurement of over-all catabolism of t-gulonolactone 
to expired COs, fed rats and guinea pigs were used. The animals 
were placed in a metabolism chamber which allowed for the 
collection of respiratory CO. and the urine during the 24 hours 
after administration of the compound. Labeled t-gulonic acid 
was isolated from urine by a carrier dilution procedure (5). 

Labeled Compounds—Uniformly C'-labeled p-glucuronolac- 
tone (2.6 uc. per mg.) and p-glucuronolactone-1-C™ (36.54 atom 
per cent excess C8 in C-1, 6.09 atom per cent excess C™ average 
for the molecule) were generously supplied by Dr. Neal Artz of 
the Corn Products Refining Company, Argo, Illinois. p-glu- 
curonolactone-6-C™ (1.0 ue. per mg.) was obtained from the 
National Bureau of Standards. Uniformly C'*-labeled L-gulono- 
lactone, L-gulonolactone-6-C™, and t-gulonolactone-1-C™ were 
prepared from the labeled p-glucuronic acids, respectively, by 
reduction with sodium borohydride (6). 

Isotopic Assay: C4—The amount of C'* in expired COs, urine, 


1 A preliminary report of this work has been presented (4). 
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and glycogen was measured by methods used previously (6). 
As shown in Fig. 1, all glycogen fragments were ultimately 
converted to CO. which was collected as BaCO;. A weighed 
amount was then acidified, and the liberated COz was absorbed 
in ““Hyamine” base in methanol (7) and counted in a Packard 
TriCarb liquid scintillation spectrometer. Count rates ranged 


from about twice to 100 times background (23 c.p.m.). ' 


C83—All glycogen fragments were assayed for the ratio (R) 
of C“Q, (mass 45) to C"O2 (mass 44) with a Consolidated-Nier 
model 21-401 mass spectrometer. 
culated from the expression 100R/(1 + R). The minimal de- 
tectable enrichment of C™ is 0.02 atom per cent excess over 
the average normal abundance of 1.175 atom per cent, deter- | 
mined on commercial BaCQ;. All C-6 and C-4-6 fragments 
contained the minimal detectable abundance of C'. All other | 
fragments measured were enriched significantly. 

Degradation of Glycogen—Glycogen was isolated (8) and 
hydrolyzed to glucose which was then degraded by chemical 
and bacterial procedures designed to yield single carbon frag- 
ments representing carbons 1, 3, and 6 of the glucose chain, as 
indicated in Fig. 2. | 

The possibility that C-1 of glycogen might contain more | 


Atom per cent C® was cal- 


label than C-3 raised a question concerning the specificity of 
the chemical method emploved in the liberation of C-3. To test | 
this method, methyl glucoside-1-C™ and -2-C™ were oxidized 
with lead tetraacetate in separate experiments. COs. derived | 
from both labeled methyl glucosides contained not more than — 
1.5 per cent of the C™ present initially in each compound, an — 
indication that the method is essentially specific for C-3. 

A check on the isotopic purity of the methyl glucoside and 
potassium gluconate prepared from the glycogen hydrolysate 
derives from the agreement between their C® contents, which 
did not vary more than 5 per cent when corrected for difference 
in carbon content. 


RESULTS 


Oxidation to CO.—Evidence for the extensive oxidation 0! | 
L-gulonolactone in vivo appears in Table I. Parallel exper 
ments with L-gulonolactone-1-C™ indicated that the major 
tion of the C'! in urine was present as L-gulgnic acid. In previous 
studies it was shown that the carboxyl group of L-gulonolactone 
is converted to expired CO, (6). The oxidation of p-glucurono- f 
lactone to COs has been demonstrated before (16). 

Conversion to Liver Glycogen—Since the per cent of conversion f 
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re] HC 
HCOH 
HOCH 0 
HCOH C-OH 
HCOH HOCH 
CH,0H C-OH HCOH HC 
D-glucose D-glucuronic acid HOCH HOCH 
CH,0H CH,0H 
oe L-gulonic acid L-ascorbie acid 
HCOH 
be 
HOCH 
HCOH 
HCOH CH,0H 
D-glucose HCOH 
HOCH 
Pentose CH,0H 
Phosphate L-xylulose 
Pothway 
CH,OH 
CH HCOH 
CH.0H HOCH 
HOCH HCOH 
HEOH 
HCOH xylitol 
CH,0P03H, 
CH,OH 
D-xylulose-5-P 
D-xylulose 


Fic. 1. Glucuronie acid pathway of glucose metabolism. The 
asterisks indicate the fate of C-1 of p-glucuronic acid and C-6 
of t-gulonic acid in this scheme. 


to glycogen is a function of the vield, it is important, when 
comparing the incorporation of different carbon atoms of a 


- given substrate into glycogen, to eliminate any uncertainty 


arising from variations in glycogen recovery. For this reason, 
C’. and C-labeled species of each precursor were combined so 
that the incorporation of their terminal carbon atoms could be 
observed simultaneously. 

The C® to C™ ratios obtained in Experiments R358, R360, 
and R366 (Table II) indicate that C-6 of L-gulonolactone was 
from 18 to 35 times a better precursor of liver glycogen in rats 
than was C-1 (carboxyl carbon). In Experiments R369 and 
R370 the incorporation of isotope into glycogen was somewhat 
higher from C-6 than from the average of all 6 carbon atoms. 
Table IV shows that the same differential conversion of the 
terminal carbon atoms of L-gulonolactone to glycogen occurred 
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in the guinea pig. When the study was carried out with p- 
glucuronolactone it was found, as seen in Table V, that again 
the incorporation of the terminal carbon atoms of this compound 
was unequal; C-1 was a better precursor by 25- to 40-fold than 
was C-6 (carboxyl carbon). From an inspection of Tables II 
through V it can be seen that the noncarboxyl terminal carbon 
atom of both precursors was incorporated to the extent of 19 to 
30 per cent. 

Isotope Distribution in Glycogen—Degradation of glucose 
derived from liver glycogen revealed that the glucose chain was 
unsymmetrically labeled after the administration of C-6-labeled 
L-gulonolactone or C-l-labeled p-glucuronolactone. From the 
C-1 to C-6 ratios in Table II it is seen that in rats C-1 of glucose 
was from 18 to 32 times more heavily labeled than C-6. In 
guinea pigs under the same conditions the asymmetry was 6- to 
10-fold (Table IV). With p-glucuronolactone in rats the C-1 
to C-6 ratio was 17 to 18 (Table V). 

To gain further insight into the pathway, C-3 of glycogen 
was also assayed for label after the administration of L-gulono- 
lactone-6-C® to rats (Table III) and guinea pigs (Table IV). 
It is apparent that C-3 was labeled appreciably, containing from 
13 to 21 per cent of the total C™ in glucose. Moreover, the 
C-3 to C-1 ratios were fairly constant, varying from 0.24 to 0.36. 


DISCUSSION 


The operation in vivo of an alternate pathway of glucose 
metabolism (Fig. 1) has been inferred from a study of the inter- 
mediary metabolism of p-glucuronolactone-1-C™, -6-C™ as well 
as L-gulonolactone-6-C®, -1-C™ as indicated by the extent and 
distribution of label in liver glycogen. 

There are two possible modes of conversion of L-gulonolactone 
or p-glucuronolactone to liver glycogen: (a) incorporation of 
the intact 6-carbon chain or (6) cleavage of the chain and sub- 
sequent incorporation of the fragments. The vast difference in 
the extent of incorporation of the terminal carbon atoms of the 
two precursors rules out their intact conversion. 

It is then necessary to invoke a pathway involving fragmenta- 
tion of the precursor molecules by which a substantial fraction 
(19 to 35 per cent) of the injected compound is incorporated 
into liver glvcogen. According to the scheme in Fig. 1 it would 
be expected that the carboxyl carbon of t-gulonolactone and 


Liver glycogen 


Ht 
Glucose 
Methanol HC] Leuconostoc 
| KIOU1) mesenteroides 
(13) 


Methyl! glucoside — CO,(C-1-6) 


K gluconate 


CO,(C-1) + Ethanol + Zine lactate 


Pb (OAc),(10) | 
CO, (C-3) 


NalO, (12) 
CO.(C-1) + HCHO 


CO, (C-6) 


(4) 
CH,COOAg CO.(C-46) 
CO, (C-2, 3) 
CONC-3) 


Fig. 2. Degradative procedures for liver glycogen 
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TABLE I 
Excretion of C in expired COz and urine during 24-hour period 
after administration of uniformly labeled t-gulonolactone to 
rats and guinea pigs* 


Administered C' in 
Experiment No. Animal type 

COz Urine 

% % 
R-311 Rat 46.7 43.3 
R-312 Rat 40.0 29.4 
R-323 Rat 39.4 27.2 
G-332 Guinea pig 49.8 46.4 
G-373 Guinea pig 37.0 43.6 


* 6.0 mg. administered intraperitoneally. 


TaBLeE II 


Conversion of L-gulonolactone-1-C'4, -6-C'3, and of uniformly 
labeled L-gulonolactone-C'4, L-gulonolactone-6-C to liver 
glycogen in rats 


Incorporation Distribution* 
| Labeled compound | Per cent of dose cent total 
C-1: C-6 
cu C4 C-6 
R-358 -1-C™, -6-C!3 28.5 | 1.55) 18.4 | 48.9 
R-360 -1-C*, -6-C}3 24.1 | 0.81; 29.8 | 61.6) 3.4 | 18.1 
R-366 -1-C'#, -6-C8 26.1 | 0.75, 34.8 | 59.3) 2.8 | 21.2 
R-369 -U-C'f, -6-C}3 29.6 58.2; 1.8 | 32.3 
R-370 -U-C"*f, -6-C# 32.4 |20.7 56.3} 2.2 | 25.6 
* Chemical degradation. 
Uniformly labeled. 
TaBLeE III 
Conversion of u-gulonolactone-6-C'8 
to liver glycogen in rats 
Distribution 
Per cent total glucose in | 
= 
C-1 C-2 C-3 C-4-6 | C-6 
26.0 | 57.1 | 5.0 | 20.7 | 10.4 0.36 
...... 19.8 | 59.5! 7.8 | 14.4; 7.9 0.24 
23.4 44.1 14.8 5.0 0.34 


* Bacterial degradation. 
+ Chemical degradation. 


p-glucuronolactone would be removed in the conversion to 
L-xylulose, whence the low incorporation of C™ into glucose from 
both precursors. C* initially in the noncarboxy] terminal would 
be expected to appear successively in C-5 of L-xylulose and 
C-1 of p-xylulose. From considerations of the pentose phos- 
phate sequence (17, 18), the resulting C-1-labeled p-xylulose 
5-phosphate (19) would yield glucose labeled in C-1 and C-3, 
with the major fraction of isotope in C-1. The scheme in Fig. 
1 can thus account for the observations made in these experi- 
ments.’ 


2 It is not known at present whether the lactone or acid form of 
each compound is the intermediate in this scheme. 
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TABLE IV 


Conversion of L-gulonolactone-1-C4, -6-C'8 to liver 
glycogen in guinea pigs 


Incorporation | Distribution* 
Experiment Per cent of | Per cent total | 
No. ose | glucose C!8 in 
| Cis; Cu | C-1:C-6 C-3:C- 
oe | Ct | C3 | C6 
G-387A....| 34.5 | 1.26 | 27.4 51.8 12.8 | 5.31 9.8 0.25 
G-387B....) 23.6 1.06 | 22.2 44.6 13.7 6.2 0.31 
| 
* Chemical degradation. 
TABLE V 


Conversion of -1-C'8 to liver 
glycogen in rats 


Distribution* 


| Incorporation 
Experiment No. Percentage of cant 
Cis; Cu C-1:C0-6 
CB cu C-1 
/ 0.46) 40.7 | 53.3 | 3.19 | 16.7 
22.70.90 25.2 | 55.7 | 3.05 | 18.2 


* Chemical degradation. 


Since the appearance of our preliminary note (3) other lab- 
oratories have reported results in accord with this pathway 
in vivo. (a) McCormick and ‘Touster (2) have found that 
xylitol-1-C™? (prepared chemically from p-xylose-1-C™) yields 
glucose-1 ,3-C™ in the rat and guinea pig. (0) Posternak et al. 
(22, 23) have administered myo-inositol, variously labeled with 
deuterium, to phlorizinized rats and degraded the urinary 
glucose. Deuterium was found in positions 1 and 3 of glucose 
from inositol-6-D (22), in position 6 from inositol-2-D (23), and 
was absent in glucose from inositol-4-D (22). In addition, 


Anderson and Coots (24) have found C%, after administration — 


of inositol-2-C" to rats, mainly in C-1 and C-6 of liver glycogen. 


These results were explained by the pathway in Fig. 1 in view 
of the observation that inositol is converted to pL-glucuronic 


acid in vitro (25, 26) and p-glucuronic acid and t-gulonie acid 
in vivo (27). (c) Hiatt (28) has demonstrated p-ribose bio- 
synthesis from labeled p-glucuronolactone in a normal human 
subject. 
with essential pentosuria, presumably because of the inability 
of the pentosuric further to metabolize L-xylulose. 


No conversion was observed, however, in a subject | 


Additional evidence for the occurrence in vivo of the proposed _ 
pathway comes from the observation that various drugs markedly - 


3 In discussing the stereochemistry of xylitol, McCormick and 


Touster (2) have designated its central carbon atom as a meso 
carbon, which is defined by Schwartz and Carter (20) as a carbon 


atom surrounded by two like and two unlike groups, Caabd. | 


Although xylitol is a meso compound its central carbon atom is 
not a meso atom, since it is surrounded by four unlike groups, 
C(+a)(—a)bd, the symmetry of the compound being derived 
from the compensation of +a by —a. The steric differentiability 


of the terminal glycol moieties of xylitol resides in the configura | 


tional differences about C-2 and C-4 in contrast to the steric in- 


equality of like groups linked to a meso carbon atom, as observed 
in the acetic acid moieties bound to the central (meso) carbon 0! ) 


citric acid (21). 
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increase the rate at which glucose enters this metabolic scheme. 
For example, administration of barbital and Chloretone to rats 
leads to a marked increase in the conversion of glucose to p- 
glucuronic acid (29), L-gulonic acid (5), and L-ascorbic acid 
(29, 30). This effect on L-ascorbic acid biosynthesis in the rat 
is shown by many drugs including various barbiturates, amino- 
pyrine, and antipyrine (31). It is of considerable interest to 
note that in 1935 Enklewitz and Lasker (32) found that two of 
these drugs, aminopyrine and antipyrine, markedly increased 
the urinary excretion of L-xylulose in patients with essential 
pentosuria. It is now possible to explain their observation in 
terms of the scheme in Fig. 1. Administration of these drugs 
would be expected to increase the formation of L-xylulose from 
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p-glucose. Since the pentosuric patient is presumably not able 
to metabolize L-xylulose, the pentose consequently would be 
excreted in urine. 


SUMMARY 


The metabolism of p-glucuronolactone-1-C", -6-C™, as well as 
of t-gulonolactone-6-C"’, -1-C!4 has been investigated in the in- 
tact rat and guinea pig. The results obtained on the dis- 
tribution of isotope in liver glycogen furnish further evidence 
for the existence of a glucuronic acid pathway of glucose metabo- 
lism. According to this scheme p-glucose is metabolized via 
p-glucuronic acid, L-gulonic acid, L-xylulose, p-xylulose, and the 
pentose phosphate pathway. 
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Cyclic Glycerophosphate Formation from 
the Glycerolphosphatides* 


B. Marvofy anp A. A. BENSON 
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(Received tor publication, June 19, 1958) 


Classification and analysis of ionic lipides and glycolipides are 
simplified greatly when the method of Dawson (1) for deacyla- 
tion is followed by paper chromatographic separation of the re- 
sultant phosphate diesters and glycosides. With radioactive 
lipides the radiochromatographic method provides the sensitivity 
and accuracy essential for studies of the metabolism of these 
important compounds. 

The glycerolphosphatides of plants are readily deacylated by 
15 minutes of treatment with 0.1 m methanolic potassium hy- 
droxide (1, 2). It is known (3, 4), however, that extended 
methanolysis produces the glycerophosphates and methyl] glycer- 
ophosphate. Cyclic 1,2-glycerophosphate! can be anticipated 
(4) as an intermediate in base-catalyzed transesterification of 
glycerophosphoryl esters as a result of investigations of the 
mechanism of nucleic acid hydrolysis (6-9). 

The possibility of isolating the cyclic ester was investigated 
by Ukita et al. (4,5). They found that the Rr values of methyl] 
glycerophosphates and cyclic 1,2-glycerophosphate were iden- 
tical but concluded that there was no evidence for accumulation 
of the cyclic glycerophosphate during hydrolyses of lecithin 
under their experimental conditions. Recent developments have 
clarified the hydrolysis mechanism of this type of phosphate ester 
as a base-catalyzed transesterification followed by alcoholysis or 
hydrolysis of the cyclic glycerophosphate (Fig. 1). 

In extending our survey of the distribution of the phosphatidyl] 
glycerols we observed an unidentified spot in P® radiograms 
which corresponded in Ry to the unidentified product reported 
by Dawson (1) in hydrolysates of rat liver phosphatides. This 
paper describes results of an investigation of this product. 


EXPERIMENTAL 


Preparation of P-labeled Phosphatides—A 6-gm. rat was given 
4 me. of radiophosphate by intraperitoneal injection and killed 
after 3 days. The liver and carcass were homogenized sepa- 
rately in 5 volumes of hot ethanol. Three successive ethanol ex- 
tracts were pooled and concentrated to a small volume. The 


* Presented, in part, at the Fortv-Ninth Annual Meeting of the 
American Society of Biological Chemists, Philadelphia, April 
14 to 18, 1958. This work was supported by the National Science 
Foundation, the Atomic Energy Commission, and the Pennsy]l- 
vania Agricultural Experiment Station. 

+ Present address, Institute of Applied Microbiology, Uni- 
versity of Tokyo, Tokyo, Japan. 

1 The cyclic phosphate could be termed ‘“‘cyclic L-a,8-glycero- 
phosphoric acid’? by classical lipide nomenclatural convention 
and ‘‘p-glycerol 1,2-phosphorie acid’? by carbohydrate nomen- 
clature. 


residue was taken up in chloroform and washed with water to 
remove nonlipide radioactive components. The chloroform was 
evaporated at room temperature before methanolysis. 


Methanolysis of Phosphatides-P*—To 0.1 ml. of an ethanol or | 


methanol solution of lipides from 10 to 50 mg. of tissue was 
added 0.1 ml. of 0.2 ~ KOH in methanol. The solution was 
warmed to 37° during the methanolysis. A drop of water fol- 
lowed by 4 mg. of dry Dowex 50-H* resin? was added to the 
cooled solution. ‘The supernatant solution was chromatographed 
in phenol-water (100:40) and in butanol-propionic acid-water 
(142:71:100). The resin was washed thoroughly with alcohol 
and, if necessary, with aqueous phenol to extract the P® activity. 

Radiograms of products of 15 minutes of methanolysis were 
similar to those of Dawson (1) and contained glycerophosphory| 
esters of choline, ethanolamine, glycerol, serine, and inositol. 
Radiograms of the products of 20 hours of methanolysis dis- 
played an elongated radioactive area adjacent to that of glycero- 
phosphorylethanolamine as seen in Fig. 2. Synthetic cyclic 
1 ,2-glycerophosphate and methyl glvcerophosphate cochroma- 
tographed with the inner (Rp’s, 0.45; 0.20) and outer (Rp’s, 


0.54; 0.28) portions of the area, respectively. Chromatography | 


with the same solvents on Schleicher and Schuell No. 589 White 
Ribbon paper resulted in complete separation (R,r’s, 0.37 and 
0.41 in phenol) of the two products. 

Similar treatment of chromatographically pure glycerophos- 
phoryleholine with methanolic alkali resulted in cyclic 1,2-glye- 
erophosphate formation at the same rate as from the crude 
phosphatide mixture. The products of 15 minutes of methanol- 
ysis contained small but detectable amounts of cyclic ester but 
the glycerophosphorylcholine was 90 per cent converted to the 
evelic phosphate and glycerophosphates after 24 hours. 
acidic phosphatides of inositol and glycerol were much more re- 
sistant to cyclic ester formation during methanolysis. Appreci- 
able fractions remained after complete destruction of the zwitter 
ionic esters from lecithin and cephalin. As previously reported 
by Baer and Kates (5), base-catalyzed deacylation of phos- 


phatidic acid-P® produced labeled glycerol 1-phosphate and not } 


eyclic 1 ,2-glycerophosphate. 
Alcoholysis in Isobutanol—No profound difference in alco- 
holysis products in methanol or ethanol was observed.  Ethy! 


2 Formation of eyelic glycerophosphate upon prolonged ex- 
posure of glycerophosphorylcholine and other glycerophosphory! 
esters to Dowex 50-H* in anhydrous media has been observed by 
Mr. J. A. Miller of this laboratory. 
reduce the time of contact with the resin. 
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CH, H,C-O__ 0 

oN KOH 
H,C-OH H,C-OH 
H-C—O~ ~O 
H,C—OH a-GP-Me +4-GP-Me 
Fig. 1. Base-eatalyzed aleoholysis of glycerophosphorylcho- 


line. GP, glycerophosphate; GP-Me, methyl glycerophosphate. 


glycerophosphate has slightly greater Rp’s than methyl glycero- 
phosphate and both diesters were observed. With the use of 
isobutanolic potassium hydroxide the products of 3-minute 
phosphatide hydrolysis included cyclic 1,2-glycerophosphate 
(Re: phenol, 0.47; butanol-propionic acid-water, 0.21), isobuty] 
glycerophosphate (Ry: phenol, 0.58; butanol-propionic-water, 
(0.47) and glycerophosphate. The exceedingly rapid alcoholysis 
resulted in 74 per cent conversion to glycerophosphate in 15 
minutes at 25°. Cvyelie glycerophosphate thus obtained co- 
chromatographed with the synthetic compound. 

Resistance of Cyclic 1,2-Glycerophosphate-P® to Periodate 
Oxidation—The product of methanolysis was eluted with 50 ul. 
of 0.5 mM periodate at pH 6 for 4 hours at room temperature. 
Kxcess oxidant was decomposed by addition of glycol. The 
mixture was hydrolyzed for 10 minutes at 100° in 1 N HCl 
and chromatographed. Glycerophosphate-P* was identified as 
a product by cochromatography. No glycerophosphoryl ester 
would withstand this treatment. 

Acid Hydrolysis Rate of Cyclic 1 ,2-Glycerophosphate—Cy clic 
glycerophosphate-P®? was hydrolyzed at 24° in 0.1 N HCl. Sam- 
ples were withdrawn at intervals, neutralized, and chromato- 
graphed in phenol-water. Radioactivity in glycerophosphate 
and eyelic glycerophosphate was determined and the results are 
recorded in Fig. 3. 

A mixture of methyl and cyclic glycerophosphates eluted from 
a chromatogram of products of phosphatide methanolysis was 
treated similarly. 40 per cent of the P® was found in glycero- 
phosphate after 10 minutes and 50 per cent after 60 minutes. 
No further hydrolysis was observed during 3 hours. Chroma- 
tographically pure methyl glycerophosphate alone was not sig- 
nificantly hydrolyzed under these conditions. 

Synthesis of Cyclic 1 ,2-Glycerophosphate-P”—Labeled glycero- 
phosphate was prepared by the method of McMurray et al. (10) 
from radiophosphate and glycerol a-chlorohydrin and_ purified 
from orthophosphate and diglycerophosphate by paper chroma- 
tography with phenol. The cyclic ester was prepared with the 
use of dieyclohexylcarbodiimide according to the procedures of 
Khorana et al. (9). The cyclic glycerophosphate was purified 
by paper chromatography. Like diglycerophosphate, it formed 
characteristic double chromatographic spots (cf. Fig. 2) when 50 
ug. or larger amounts were chromatographed in the butanol- 
propionic acid solvent. It cochromatographed. precisely with 
unlabeled cyclic 1,2-glycerophosphate. Its Ry values and _ its 
hydrolysis rate were identical to those of the cyclic ester formed 
during phosphatide methanolysis. 


3 This is estimated to be an excess of 100- or 1000-fold. 
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Butanol-Propionic- Water ——~ 


Phenol- Water 


Fig. 2. Products of base-catalyzed methanolysis of rat glye- 
erolphosphatides. Radiogram of 20-hour methanolysate chro- 
matographed on Whatman No. | paper. GP, glycerophosphate; 
GPI, 8S, G, Me, EK and C, glycerophosphorylinositol, serine, glye- 
erol, methanol, ethanolamine, and choline, respectively. 


w 
5 
xr50Fr 
z 
uJ 
x 
a 
0 60 120 180 


TIME (minutes) 


Fic. 3. Hydrolysis of cyclic 1,2-glycerophosphoric acid in 
0.1 N hyvdrochlorie acid at 24°. 


RESULTS 


Base-catalyzed methanolysis of the glycerolphosphatides vields 
the anticipated deacylated glycerophosphory] esters and varying 
amounts of cyclic glycerophosphate and methyl glycerophos- 
phate. These products were readily separated by two-dimen- 
sional paper chromatography. Of the chromatographically pure 
glycerophosphoryl esters, glycerophosphorylcholine was found 
most labile to cyclization and methanolysis. Diglycerophos- 
phate and glycerophosphorylinositol were relatively resistant. 
Production of maximal yields of the cyclic ester at 37° required 
20 hours in 0.1 N methanolic potassium hydroxide. The 15- 
minute hydrolysis procedure of Dawson (1) results in minimal 
but observable amounts of the cyclic ester. After more extended 
periods the products were largely methyl glycerophosphate and 
the glycerophosphates. Alcoholysis in isobutanol simplified the 
separation of the cyclic glycerophosphate from the alcoholysis 
product, isobutyl glycerophosphate. Further cleavage, how- 
ever, was so rapid that the production of glycerophosphate 
appeared due to direct hydrolysis of the cyclic ester by hydroxide 
ion. 

Cyclie 1,2-glveerophosphate-P* was synthesized and shown 
to be identical to that derived from the glycerolphosphatides. 
Its rate of hydrolysis at room temperature in 0.1 N acid was 
determined and found to have a half-time of less than 10 minutes. 
This result is in agreement with the results of Ukita et al. (11) 
who observed its instability in acid. Fortunately, the cyclic 
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ester is not significantly affected by chromatography with weak — phosphatides. Its formation from glycerophosphorylcholine 


acid solvents. was found to be much more rapid than from glycerophosphory1- 
glycerol or glycerophosphorylinositol. 
pecmipcin The chemical synthesis, acid hydrolysis rate, and paper 


Cyelic 1,2-glycerophosphate has been isolated as a major chromatographic properties of cyclic 1,2-¢lycerophosphate-P® 
product of the base-catalyzed methanolysis of the glycerol- are described. 
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Studies Concerning the Composition, Distribution, and Turnover 
of Phosphorus in a Phosphatido-Peptide 


Fraction from Mammalian Tissue* 
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In 1952, Folch (2) reported the isolation of a phosphorus- 
containing fraction from a trypsin-resistant protein residue of 
beef brain. This material, which was found to contain fatty 
acids, inositol diphosphate, and amino acids combined in poly- 
peptide chains, was given the collective designation ‘‘phos- 
phatido-peptides.” Le Baron and Folch (8) suggested that 
the phosphorus in this fraction represented a fifth category of 
tissue phosphorus, since it could not be classified under any of 
the usual four categories, 7.e. acid-soluble phosphorus, phospho- 
lipide, nucleic acid, or phosphoprotein (4). 

The present report concerns a phosphatido-peptide fraction 
of kidney cortex first detected in a study with entirely different 
objectives involving phospholipide fractionation procedures. 
In the course of these experiments, the application of Folch’s 
extraction methods (2) led to separation of a phosphatido- 
peptide fraction from the radiophosphorus-labeled phospho- 
protein residue of the renal cortical tissue under study. The 
relatively high activity of the phosphorus in the fraction made it 
seem desirable to study it further on the basis that it may have 
an important role in cellular physiology. The information 
obtained to this date and reported below is concerned with 
the isolation and composition of the fraction, the turnover of 
its phosphorus, and with its distribution in other mammalian 
tissues including tumor tissue. 


EXPERIMENTAL 


Materials and Methods 


Phosphorus was determined by a modification (5) of the 
method of Fiske and SubbaRow (6) and total nitrogen by ness- 
lerization after digestion (5). LEsterified fatty acids were 
determined by the methods of Rapport and Alonzo (7) and of 
Stern and Shapiro (8). Analyses for amino nitrogen were per- 
formed by the ninhydrin procedure (9) with the use of leucine 
as the reference standard. Inositol was estimated qualitatively 
by the Sherer reaction (10) and quantitatively by a micro- 
biological method as modified by Taylor and MeKibbin (11) 
and by the enzymatic method of Weissbach (12). Glycerol was 
estimated as described by Burton (13). Amino acids were 
identified by the two-dimensional paper chromatographic sys- 

* Supported by a grant from the National Cancer Institute, 
United States Public Health Service (Grant C-3979). <A prelimi- 
nary report of this work was presented before the American So- 
ciety of Biological Chemistry (1). 


to 
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tem of Wolfe (14). Sphingosine was estimated as directed by 
McKibben and Taylor (15), ethanolamine, as deseribed by 
Axelrod et al. (16), and choline, by the method of Appleton 
et al. (17). 

Phosphorus® was obtained from the Oak Ridge National 


Laboratory. All other chemicals and reagents were obtained 
from commercial sources. 


Isolation of Phosphatido-Peptide Fraction 


Although the procedure described here was applied most 
extensively to rabbit kidney cortex, it has been found applicable 
to other tissues and species. It is illustrated in Fig. 1 and is 
essentially a combination of the procedures of Hokin and 
Hokin (18, 19) and of Folch (2). 

Step 1. Removal of Acid-Soluble Components—10 gm. of fresh 
kidney cortex were homogenized in a high speed homogenizer 
(VirTis) for 1 minute with 50 ml. of ice-cold 10 per cent trichloro- 
acetic acid. Homogenation and subsequent washing procedures 
were earried out at approximately 0°. The homogenate was 
immediately poured into a centrifuge tube and the homogeniz- 
ing vessel rinsed with 10 ml. of 10 per cent trichloroacetic acid, 
this rinsing solution being added to the centrifuge tube. The 
mixture was allowed to stand for 15 minutes at 0° and then was 
centrifuged. This and all subsequent centrifugations were 
performed at 700 X g for 10 minutes. 

Step 2. Removal of Phospholipide Fraction—The acid-insoluble 
residue was washed twice with 50-ml. portions of 10 per cent 
trichloroacetic acid, twice with 50-ml. portions of water, and 
twice with 50-ml. portions of acetone. Each washing was 
carried out at 0° for 10 minutes, before centrifuging. The 
washed insoluble residue was extracted twice at room tempera- 
ture with 50 ml. of 95 per cent ethanol. The residue was again 
centrifuged and then extracted twice with 50 ml. of a mixture 
of ethanol-ether (3:1) at 50°. It was found that Dawson and 
Richter’s extraction procedure (20) in which ethanol-chloro- 
form and ethanol-ether mixtures are used was also satisfactory 
for extraction of the phospholipides, as was a procedure in- 
volting a mixture of chloroform-methanol (2:1). 

Step 3. Removal of Nucleic Acid Fraction—The lipide-insoluble 
residue was next washed once at room temperature with 50 
ml. of 5 per cent trichloroacetic acid and twice with 50 ml. 
of distilled water. In order to separate the nucleic acid frac- 
tion, the washed lipide-insoluble residue was extracted three 
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Kidney Cortex 


Extract with 10% trichloroacetic acid, 0° 


Acid-Soluble Residue 
Extract with alcohol:ether, 50° 
{ 
Phospholipide Residue 


Extract with 10% NaCl, 100° 


Nucleie Acid Residue 
Extract with chloroform: methanol: HCl, 50° 
Phosphatido-Peptide Phosphoprotein 


Fic. 1. Scheme for the separation of the phosphorus-containing 
fractions of kidney cortex, including the phosphatido-peptide 
fraction. Complete details of the procedure are presented in the 
text. 


times at 100° with 30 ml. of 10 per cent aqueous NaCl for 30 
minutes; the remaining insoluble residue was washed twice 
with distilled water and twice with acetone. 

Step 4. Separation of Crude Phosphatido-Peptide—The washed 
insoluble residue was next subjected to two extractions, at 50° 
for 30 minutes, with 40 ml. of a mixture of acidified chloroform- 
methanol (chloroform:methanol:12 n HCl; 200:100:1). The 
combined supernatant fluids were filtered through a plug of 
glass wool, with the resulting filtrate representing the crude 
phosphatido-peptide fraction. The residue which resulted from 
this treatment appeared to be true phosphoprotein in accordance 
with the chemical classification of Schmidt and Thannhauser 
(4), since none of its phosphorus was inorganic but could be 
converted to an inorganic state by a 20-hour incubation at 37° 
in 1 N NaOH. The phosphorus of the phosphatido-peptide 
fraction was not converted to inorganic phosphorus under these 
conditions. 

Incorporation of Radtophosphorus into Phosphatido-Peptide 
Fraction—In order to determine whether there existed in the 
phosphatido-peptide fraction a metabolically active phosphorus 
moiety, tissue slices were incubated with radiophosphorus, 
and the different phosphorus-containing fractions were separated 
from the slices with use of the above partition procedure. Rab- 
bits were killed by exsanguination and the kidneys were re- 
moved and chilled. Slices were prepared from the kidney 
cortex and 250 mg. of tissue were added to each of a series of 
Warburg vessels containing 2.0 ml. of the medium of Cross 
and Taggart (21), 27 umoles of sodium pyruvate, 30 umoles 
of glucose, and water to give a final volume of 2.7 ml. The side 
arm contained 20 ue. of neutralized carrier-free sodium radio- 
phosphate. The center well contained a filter paper wick 
and 0.2 ml. of 10 per cent KOH. The gas phase was oxygen. 
At zero time the radiophosphorus was tipped in and the reaction 
was allowed to proceed for 2 hours at 27°. 

After incubation, the slices were removed and the phosphorus- 
containing fractions were isolated as described above (Steps 
1 to 4). The cold trichloroacetic acid extract obtained in Step 
1, representing the total acid-soluble phosphate of the tissue, 
was treated with magnesia mixture (22) to precipitate inorganic 
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phosphate. The remaining supernatant fluid contained the 
organic acid-soluble phosphates. The combined ethanol:ether 
extracts of Step 2 were evaporated to dryness at 50° under N, 
at reduced pressure. The residue was extracted three times 
with chloroform:methanol (2:1) and freed of contaminating 
phosphate by the washing method of Folch et al. (23) to give 
the phospholipide fraction. The nucleic acid fraction wag 
obtained by precipitating sodium nucleate from the 10 per cent 
sodium chloride extract of Step 3 with 2 volumes of 95 per cent 
ethanol at 0°. The sodium nucleate was taken up in a small 
amount of water. The crude extract of Step 4 after filtration 
was regarded and used as the phosphatido-peptide fraction. 
The residue or phosphoprotein fraction was suspended in a 
small amount of water by homogenation and aliquots taken for 
analysis. Aliquots of each of the five phosphorus-containing 
fractions were evaporated in stainless steel planchets and their 
radioactivity was determined by means of an end window 
Geiger-Miiller tube. Aliquots of each fraction were also taken 
for the determination of total phosphorus (5, 6). 


RESULTS 


Data from a typical experiment are presented in Table I. 
It is of interest that in kidney cortex the concentration of 
phosphorus per unit of weight was approximately the same for 
the phosphatido-peptide and phosphoprotein fractions. This 
ratio may vary, however, since preliminary data indicate that 
these values change with the nutritional status and general 
health of the experimental animals. The specific activity of 
the phosphorus in the phosphatido-peptide fraction was partic- 
ularly noteworthy since it was 10 to 15 times greater than the 
specific activity of phospholipide and nucleic acid fractions. 
These experiments did not appear to be complicated by contami- 
nation of the phosphatido-peptide fraction with high specific 
activity radiophosphorus from the acid-soluble fraction, since 
no appreciable radioactivity was found in the fraction obtained 
from the zero time controls. When homogenates of kidney 
cortex were tested under conditions similar to those described 
for slices, the specific activity of the organic acid-soluble fraction 
doubled, but that of the phosphatido-peptide fraction decreased. 
The extent of incorporation of radiophosphorus into the phos- 
phatido-peptide fraction was decreased when anaerobic condi- 
tions were used. 

Rate studies demonstrated that the incorporation of radio- 
phosphorus in all fractions continued to the end of a 4-hour 
experimental period. However, the total activity at 4 hours 
was only 25 per cent higher than at 2 hours. The specific 
activity of the phosphatido-peptide fraction was consistently 


TABLE I 


Uptake of radiophosphorus into phosphorus-containing 
fractions of kidney cortez of rabbit after 2-hour 
period of incubation in vitro 


Fraction Concentration Specific activity 
ug. P/100 mg. tissue* c.p.m./pg. P 
Organic acid-soluble P.......... 51 - 1298 
Phospholipide P................ 79 20 
Phosphatido-peptide P.......... 5 282 
Phosphoprotein P.............. 6 166 


* Wet weight. 
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TaBLeE II 
Composition of phosphatido-peptide fraction of kidney cortex* 
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TABLE III 


Composition of upper and lower phases after partitioning an 
acidified chloroform: methanol solution of phosphatido- 


Constituent Composition Crude fraction peptide fraction from kidney cortez 
% pmoles/mg. Folch’s* 
Phosphorus, total............... 2.3 0.74 Constituent Upper phase Lower phase Ph marr 
Nitrogen, total................. 2.8 2.0 
17.6 0.98 %com- |umoles/mg.| % com- |ymoles/mg.| % com- 
6.3 0.68 Phosphorus, total... 3.2 | 1.0 2.4 | 0.77 4.6 
0.4 0.28 Nitrogen, total..... 3.9 | 2.8 2.9 | 2.1 4.4 
Amino N (after hydrolysis) ..... 1.8 1.3 Inositel............ 22.5 1.3 12.7 0.71 9.9 
3.3 0.21 Lipide, saponifiable 0.0 | 0.0 32.0 | 1.2 
3.0 0.12 Glycerol........... 2.1 0.23 6.4 0.7 
Amino N........... 0.1 0.07 0.2 0.14 0.38 
* The crude fraction represented 0.1 per cent of the total wet Amino N (after 
weight of the cortex. hydrolysis)....... 1.8 1.3 2.0 1.4 2.7 
+ Ether-soluble material after saponification. 
Molar ratio, 
lower than that of the acid-soluble fraction and consistently Esterified 
higher than the phospholipide, nucleic acid, and phosphoprotein fatty acids:P None 1.921 


fractions throughout the course of the incubation, findings which 
indicate that the latter three fractions were not simple precursors 
of the phosphatido-peptide fraction. 

Chemical Composition of Phosphatido-Peptide Fraction—The 
relatively high activity of the phosphorus in this fraction made 
it desirable that the active component(s) be identified since 
the fraction may ultimately be shown to play a role in cellular 
physiology. Analysis of the phosphatido-peptide fraction ob- 
tained from 1 kg. of pig kidney cortex! revealed the presence of 
phosphorus, nitrogen, inositol, esterified fatty acids, glycerol, 
amino nitrogen, hexose, and sphingosine (Table II). Ethanol- 
amine and choline were not detected. The untreated fraction 
gave a positive biuret reaction and a low value for amino nitrogen 
as determined by the ninhydrin procedure (9). After acid 
hydrolysis the biuret reaction was negative, and the amino 
nitrogen level was found to be increased almost 5-fold (Table 
II). Hence, an appreciable portion of the total nitrogen ap- 
peared to exist in peptide linkage. 

In order to purify further the crude phosphatido-peptide frac- 
tion, the acidified chloroform:methanol extract of Step 4 of 
the isolation procedure was extracted with 0.2 volume of 0.2 
M sodium bicarbonate, an amount of alkali just sufficient to 
neutralize the HC] in the organic phase. The lower organic 
phase was then re-extracted with “pure solvent upper phase.’” 
This procedure was essentially that employed by Folch et al. 
(23) to remove extraneous water-soluble material from phos- 
pholipide extracts. 

The results of the analysis of the combined aqueous (upper) 
and organic (lower) phases are shown in Table III. The only 
qualitative difference between the two phases was the absence 
of a saponifiable lipide component in the aqueous phase. Mild 
alkaline digests of both upper and lower phases revealed almost 
identical phosphorus-containing compounds after paper chroma- 
tography. One of these migrated as inositol monophosphate. 
Likewise, after acid hydrolysis we have thus far identified by 


1 We are indebted to Swift and Company, Kansas City, Kansas, 
for the generous gift of pig kidneys. 

? Prepared by equilibrating 0.2 volume of an aqueous solution 
of 0.2 m sodium bicarbonate with 1 volume of chloroform: metha- 
nol:12 n HCl (200:100:1). The two phases that result from this 
equilibration are designated ‘‘pure solvent upper phase’’ and 
“pure solvent lower phase.”’ 


* Calculated from data of Folch (2). 


TABLE 1V 


Distribution of radiophosphorus between upper and lower phases 
after partitioning acidified chloroform: methanol 
solution of radiophosphorus-labeled 
phosphatido-peptide* 


Fractiont | Phosphorus Specific activity 
| c.p.m./pg. P 
Phosphatido-peptide........... | 459 1020 
Upper layer (Phase A)........_ 162 1190 
Lower layer (Phase B)........ 7 288 1035 


* The acidified chloroform:methano] solution was partitioned 
against 0.2 volume of 0.2 m sodium bicarbonate. 
+ From 9 gm. of kidney cortex. 


paper chromatography of both phases 12 amino acids, namely; 
aspartic acid, glutamic acid, lysine, glycine, serine, alanine, 
threonine, valine, phenylalanine, leucine, isoleucine, and proline. 
Infrared spectral data® before acid hydrolysis were compatible 
with the presence of peptide bonds as well as phospholipide (24). 

The esterified fatty acid:phosphorus molar ratio of the ma- 
terial in the lower (organic) phase was found to be 1.9:1 by 
the method of Rapport and Alonzo (7). Preliminary charaec- 
terization of the saponifiable lipide in the lower phase showed it 
to be principally fatty acids with a neutralization equivalent 
of approximately 280. The saponification was carried out in 
10 n KOH for 24 hours as described by Le Baron and Folch (3). 
After acidification to pH 1.5 with HCl the solution was allowed 
to stand overnight at 0-4°. The solution was then exhaustively 
extracted with ether, and the ether extracts were evaporated 
to dryness in a vacuum. The residue represented 32 per cent 
of the material in the lower phase. 

An acidified chloroform:methanol solution of crude phos- 
phatido-peptide labeled with radiophosphorus was partitioned 
against sodium bicarbonate as described previously. Typical 
results of several such studies are shown in Table IV. Approxi- 

3 We are indebted to Dr. Albert Burgstahler, Department of 


Chemistry, University of Kansas, Lawrence, Kansas, for the 
infrared spectral data. 
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mately one-third of the phosphorus and radioactivity was found 
in the upper (aqueous) layer, Phase A, and two-thirds remained 
in the lower (organic) laver, Phase B. Subsequent repeated 
extraction of Phase B with “pure solvent upper phase’ failed 
to remove additional phosphorus or radioactivity. These 
data suggest that the residual phosphorus-containing material 
in Phase B was chemically homogenous and _ lipide-like in 
character. Similarly, repeated partition of Phase A_ with 
“nure solvent lower phase’? failed to alter appreciably the total 
activity, specific activity, or phosphorus content of this phase. 
On the basis of qualitative composition and partition of radio- 
phosphorus, it appeared that the crude phosphatido-peptide 
fraction contained extractable water-soluble products, possibly 
resulting from decomposition in the acid extraction medium. 
Specifically, these data indicate that there is essentially no dif- 
ference in origin between the phosphorus in the aqueous phase 
and that in the organic phase. For these reasons continued 
attention has been directed to the more complex phosphatido- 
peptide remaining in the organic phase. The molar ratio for 
fatty acid:inositol:glycerol:phosphorus was found to be 
1.7:1:1:1 (see Table III); the theoretical ratio for a mono- 
phosphoinositide would be 2:1:1:1. The composition data are 
thus suggestive of the presence of a phosphatide, presumably 
monophosphoinositide. The data obtained concerning the 
composition of this fraction is consistent with the observation 
that our material is separate in its identity from the other four 
phosphorus-containing fractions of mammalian tissue. 

The composition of Folch’s (2) phosphatido-peptide from 
trypsin-resistant protein residue of beef brain may be seen in 
Table III. In addition to combined phosphorus, nitrogen, 
and inositol Folch (2) found that his fraction contained combined 
fatty acids and sphingosine, or a sphingosine-like substance. 
Folch also demonstrated the presence of 16 amino acids in acid 
hydrolysates of his phosphatido-peptide fraction. These data 
therefore suggest the similarity between the phosphatido- 
peptide fraction reported in this paper and the one isolated by 
Folch (2). 

Distribution of Phosphatido-Peptide Fraction in Various Tis- 
sues—The distribution of the phosphatido-peptide material 
was of interest, because it was necessary to know whether this 
fraction was restricted to the kidney or whether it was widely 
distributed in all tissues at approximately the same level. Using 
total phosphorus in the extract as an index of the content of 
phosphatido-peptide in each tissue, it was found that this fraction 
was present in brain, kidney, heart, intestine, liver, spleen, and 
skeletal muscle of rabbit, in pancreas of chicken, and in Ehrlich 
ascites tumor cells. 

The distribution of the phosphatido-peptide in the subcellular 
fractions of kidney cortex was also determined. Kidney cortex 
was separated into the nuclear, mitochondrial, microsomal, 
and supernatant fractions by the method of Schneider (25). 
Approximately 50 per cent of the total phosphatido-peptide 
of the cortex was in the mitochondrial fraction, 20 per cent in 
the nuclear fraction, and 15 per cent each in the microsomal 
and supernatant fractions. 


DISCUSSION 


The fraction obtained from kidney in the present investiga- 
tion appears to be sufficiently similar in chemical composition 
to the fraction isolated by Folch (2) from brain tissue to permit 
its classification as a phosphatido-peptide. However, it should 
be noted that Folch’s material contained inositol diphosphate, 
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suggestive of a diphosphoinositide, whereas our fraction appears 
to contain inositol monophosphate. This is not too surprising, 
since the presence of inositol diphosphate has not been reported 
in any tissue other than that of the central nervous system. It 
should also be pointed out that the procedure reported here 
for obtaining phosphatido-peptide differs quite markedly from 
that used by Folch (2) and Le Baron and Folch (3), even though 
both procedures ultimately use an acidified organic solvent to 
obtain the crude fraction. Thus, Le Baron and Folch (3) ob- 
tained their fraction by extracting the lipides from brain tissue 
with a mixture of chloroform:methanol, washing the insoluble 
residue with water to remove acid-soluble material, then digest- 
ing the insoluble residue with trypsin for 2 weeks at 37°, and 
finally extracting the phosphatido-peptides from the trypsin- 
resistant protein residue with acidified chloroform:methanol. 
The apparent absence of choline and ethanolamine and _ the 
presence of inositol and its monophosphate indicate that the 
fraction is possibly a monophosphoinositide-peptide. However, 
the presence of serine and sphingosine or sphingosine-like ma- 
terial may also be indicative of the presence of other phospho- 
lipides. 

Several investigators (26-29) in addition to Folch (2) have 
found amino acids and peptides closely associated with phos- 
pholipides. For example, Gaby et al. (26) found that six un- 
identified ninhydrin-positive components were released after 
hydrolysis of the lecithin fraction of Penicillium chrysogenum. 
These workers also found tyrosine and one other unidentified 
amino acid in their cephalin fraction. Similarly, Westley et al. 
(27) discovered several amino acids including serine, alanine, 
leucine, aspartic acid, glutamic acid, and cysteine bound to 
phospholipide fractions which had been purified by chromatog- 
raphy. The manner in which the amino acids were bound 
could not be deduced. Since dinitrophenylation followed by 
hydrolysis and chromatography did not reveal any dinitro- 
phenyl-substituted amino acids and since hydrolysates of all 
preparations contain ethanolamine, it was thought by these 
workers (27) that these factors might be indicative of a peptidyl- 
phosphatidvlethanolamine structure. Baer et al. (30) recently 
synthesized a ‘“‘reference” phosphatidyl peptide in which serine 
of the phosphatide is linked to a dipeptide by means of a peptide 
bond. In the present report it is not possible to state whether 
the peptide portion of the phosphatido-peptide fraction was 
covalently bound to the phosphatide portion, associated by 
salt-like linkages, or nonspecifically adsorbed. 
extensive purification must be undertaken to determine whether 
the phosphatido-peptide is a single compound or a mixture 
of similar molecules as was suggested by Folch (2) for the phos- 
phatido-peptides of brain. 

The relatively high incorporation of radiophosphorus into 
phosphatido-peptide may have indirect confirmation in studies 
by others on the high rate of incorporation of radiophosphorus 
into a protein-bound phosphorus fraction (31-37). This “‘phos- 
phoprotein” fraction may contain phosphatido-peptide, since 
inositol, inositol phosphate, and glycerol have been found as 
constituents of the fraction. 

It is not clear whether the high specifie activity found in the 


phosphatido-peptide fraction results from synthesis de novo | 
or exchange reactions. In either case, these data indicate that — 
phosphatido-peptide is metabolically active and may play an _ 
Gaby et al. (26), for example, 


active role in cellular metabolism. 


suggest that their phospholipide-amino acid fraction may serve | 
Another | 


to transport amino acids across cell membranes. 
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possibility is that some relationship may exist between the inosi- 
tide of the phosphatido-peptide fraction and the metabolically 
active tissue inositide found by Dawson (38) and Hokin and 
Hokin (39). This possibility is under investigation in our labo- 
ratory. 

The present data serves to emphasize the need for further 
evaluation of the phosphatido-peptide fraction. Work is now 
in progress on further purification of the phosphatido-peptide 
fraction, on structural studies, and on the possible physiological 
role of this fraction in cellular metabolism. 


SUMMARY 


1. A phosphatido-peptide has been isolated from kidney 
cortex of several species. 
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2. The phosphatido-peptide appears to be constituted by 
inositol, phosphate, esterified fatty acids, sphingosine or sphingo- 
sine-like material, and amino acids presumably in peptide 
chains. Twelve amino acids have been qualitatively identified 
in acid hydrolysates of the extract. 

3. The phosphatido-peptide was found in brain, heart, liver, 
lung, spleen, pancreas, intestine, and in Ehrlich ascites tumor 
cells. 

4. Studies with radiophosphorus showed that the phosphatido- 
peptide was second only to the acid-soluble phosphorus fraction 


as far as specific activity of radiophosphorus was concerned. 
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The biosynthesis of cholesterol from acetate in rat liver is 
greatly augmented by exposure of the animal to x-irradiation 
(1-4), or by injection of the detergent Triton WR 1339 (Rohm 
and Haas) (5). On the other hand, it is suppressed in animals 
deprived of food for 24 to 48 hours (6, 7) or fed a cholesterol- 
enriched diet (8-12) or A*cholestenone (13, 14). These findings 
are mainly based upon experiments carried out in the whole 
animal or in liver slices in vitro. 

The present study is concerned with the relation of these 
various experimental conditions to the capacity of cell-free 
preparations of rat liver to synthesize cholesterol from ace- 
tate-C™, mevalonic acid-C™, and squalene-C"™, and to synthesize 
squalene from acetate-C'*. The aim has been to find whether 
the differences demonstrable with the complete system (acetate 
to cholesterol) involved the whole reaction chain or were limited 
to specific segments of the biosynthetic pathway, and also to 
learn whether a common pattern of changes would emerge under 
these diverse experimental conditions. Previous work, as well 
as data to be presented below, has shown that the cholesterol- 
synthesizing system requires both the microsomes and soluble 
cell components (15). These cellular constituents were ac- 
cordingly separated from livers of different experimental groups 
and recombined in various ways, in order to determine to what 
extent the structural elements of the system were altered. 

In all of the experimental conditions tested, the microsomal 
rather than the soluble parts of the system were chiefly affected, 
although the latter too reflected the change. Further, the 
early steps in the reaction sequence were influenced to a far 
greater extent than the later ones. 


EXPERIMENTAL 


Materials—We are indebted to Dr. Robert B. Loftfield for 
preparing acetate-1-C'* from BaC™“O; obtained from the Oak 
Ridge National Laboratories on allocation from the Atomic 


Energy Commission. 
C-labeled squalene was prepared biosynthetically from 


* Some of the results have been reported previously as pre- 
liminary findings (4), and recently in abridged form with dis- 
cussion of their general implications (29). 

Support was provided in part by Grant C-2146 from the Na- 
tional Cancer Institute and in part by Grant E-50 from the Ameri- 
can Cancer Society, Inc. 

This is publication No. 940 of the Cancer Commission of Har- 
vard University. 

+ Present address, Detroit Institute of Cancer Research, 
Detroit 1, Michigan. 


labeled acetate of high specific activity. It was separated from 
the nonsaponifiable fraction by chromatography on alumina 
and rechromatographed to insure purity (16). Mevalonic 
acid-2-C and nonlabeled mevalonic acid were generously 
donated by Merck Sharp and Dohme Research Laboratories 
through the courtesy of Drs. James M. Sprague and Karl 
Folkers. 

A*-Cholesten-3-one was kindly provided by Dr. Daniel 
Steinberg. 

DPN and TPN were obtained from the Pabst Laboratories. 
Commercial fructose-1,6-diphosphate was purified and added 
as the potassium salt (17). Triton WR 1339 was obtained 
from the Rohm and Haas Company, and nitrogen, containing 
less than 0.01 per cent oxygen, from Thomas A. Edison, Inc. 


Animals—Female rats of the Harvard strain, weighing approx- — 
imately 200 gm., were maintained in an air conditioned animal — 
farm on rat pellets (Rockland Farms) and water ad libitum, — 


unless otherwise specified. 

For x-irradiation, rats were restrained in a specially designed 
circular plastic cage in groups of 5 and exposed to a dose of 
2400 r. at a rate of approximately 40 r. per minute, delivered 
by a 220 kvp. machine at 50 cm. with copper and aluminum 
filters yielding a half-value layer of 1 mm. of copper. The dose 
was measured with a Victoreen roentgen meter in the “liver 
region” of a phantom consisting of tissue-equivalent wax and 
simulating an average-sized rat. The animals were deprived 
of food after irradiation and killed 48 hours later. 
rats were similarly restrained and denied food. 

Animals treated with Triton received intravenously 200 nl. 
of Triton WR 1339 in 2 ml. of water approximately 24 hours 
before being killed, and were allowed food and water ad libitum. 

Cholesterol-fed rats received 1 per cent cholesterol in Rockland 
diet ad libitum; cholesterol dissolved in ether was added to 
powdered diet which was freed of solvent by evaporation. 

A*-Cholesten-3-one-treated animals were force-fed 80 mg. of 
this compound dissolved in 3 ml. of Wesson oil. They were 
deprived of food thereafter and killed 24 hours later. Controls 
were similarly treated, receiving 3 ml. of Wesson oil. 


Preparation of Tissue—Livers were lightly perfused and 


Control 


homogenized in a medium composed of 0.004 m magnesium — 


chloride, 0.03 m nicotinamide, 0.125 m sucrose, 0.001 m disodium 


EDTA,’ 0.01 m glutathione and 0.1 mM potassium phosphate 
buffer at pH 7.4. After centrifugation for 10 minutes at 5000 


1 The abbreviation used is: EDTA, ethylenediaminetetraacetic 
acid. 


262 


{ 
t} 
te 
th 
pr 
cu 
su 
CO! 
no 
ENO 
Sta 
tior 
i 


February 1959 


x g the supernatant fluid contained microsomes, soluble cell 
components and small numbers of mitochondria. Such prep- 
arations (5000 x g supernatant fluid) were routinely employed, 
except when subdivided into “microsomal” and “soluble” 
fractions by centr#ugation for 90 minutes at 105,000 x g. 
Contamination of microsomes with a few mitochondria was 
considered unimportant (15), but to minimize inclusion of 
soluble material, the tubes were allowed to drain well, then 
rinsed gently with medium leaving the pellets undisturbed. 
To evaluate the efficacy of this procedure the microsomes were 
in several cases thoroughly washed by resuspension and re- 
centrifugation. 

Incubation—Tissue preparations were incubated in duplicate, 
aerobically as previously described (15), or anaerobically under 
nitrogen, after a 10-minute preflushing period. 

Analyses—After addition of carrier cholesterol, or squalene, 
the incubation mixture was hydrolyzed with 3 volumes of al- 
coholic potassium hydroxide in a sealed tube (12) which was 
flushed with nitrogen when squalene was to be determined. 
Nonsaponifiable lipides were extracted with petroleum ether 
either (a) in a liquid-liquid continuous extractor for 6 hours 
(12) or (6) by a single equilibration in a separatory funnel with 
an accurately measured amount (6 volumes) of solvent followed 
by analysis of an aliquot of the extract (19).2 The second 
method was far more rapid and, as shown by careful checks, 
equally dependable. 

Squalene was separated from the nonsaponifiable fraction by 
chromatography on alumina. It was eluted with 10 per cent 
benzene in petroleum ether, plated in small stainless steel dishes, 
and assayed for C' in a windowless flow counter. Cholesterol 
and other nonsaponifiable substances were recovered subse- 
quently by elution with acetone:ether (1:1). The reliability 
of this technique has previously been established (16). The 
cholesterol was converted to the digitonide and counted (12). 
Further purification was considered unnecessary (20). Radio- 
activity of cholesterol digitonide was measured in a gas flow 
counter with an ultrathin window (density less than 150 ug. 
per em.?). 

The counting efficiency was approximately 35 per cent for 
the thin window and 70 per cent for the windowless flow counter 
under the conditions employed. Empirical factors were applied 
to correct all counts to standard conditions in the ultrathin 
window counter. In all cases, results were expressed as total 
counts incorporated. 


RESULTS 


Evaluation of Experimental Conditions—In order to estimate 
the conversion of C'-labeled precursors to cholesterol by tissue 
preparations of widely varied activities, substrate concentration 
curves were run to insure that the amounts of these labeled 
substances added in subsequent experiments would not be 
limiting. 

In Fig. 1 are shown the results of incubation of increasing 
concentrations of acetate-1-C™ with liver preparations from 
normal, cholesterol-fed and Triton-treated rats. The latter two 
groups were chosen as exemplifying very low and very high 
levels of incorporation respectively. Even at these extreme 
ranges of activity, the shapes of the three curves were sub- 
stantially alike; all began to approach a plateau at concentra- 
tions slightly below 0.002 m. It was clear that, whereas differ- 


? Personal communication from Dr. Michael C. Schotz. 
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Fic. 1. Acetate concentration curve. 2.0-ml. aliquots of 
5000 X g supernatant fluid prepared from livers of normal, cho- 
lesterol-fed and Triton-treated rats were incubated aerobically 
in duplicate for 2 hours at 37° in a total volume of 2.5 ml. with 
final concentrations of DPN of 0.0016 m, potassium fructose-1,6- 
diphosphate of 0.016 m, and acetate-1-C'* (1.79 X 10° total ¢.p.m.) 
in the molarities shown above. 


500+ 
TRITON WR 1339 
x 


soy 


10 
5 - 
CHOLESTEROL 
DIET 
1 


O.SF 


MOLES OF SQUALENE INCORPORATED x 


0.0005M 0.O0I5M 
CONC. OF SQUALENE 


Fic. 2. Squalene concentration curve. Conditions as for Fig. 
1 except that C'4-squalene (2.03 104 total ¢.p.m.) dissolved in 
0.2 ml. of acetone, was added in the molarities shown above, 
instead of acetate. 


ences between experimental groups would be detectable at 
lower concentrations, the maximal effects would be observed, 
and most reliable comparisons obtained, at concentrations 
beyond the flattening of the curves. On this basis, all experi- 
ments involving comparisons between different groups of ani- 
mals were conducted with concentrations of acetate-C™ of 
0.004 m or more. 

A similar experiment, carried out with C'-squalene, also 
resulted in three closely similar curves which began to flatten 
at concentrations near 0.0005 m (Fig. 2). Subsequently, there- 
fore, 0.0012 m squalene was used. 

Because the supply of mevalonic acid was limited, it was 
tested only with normal liver preparations. For incubation 
periods of 1 hour the presence of 5, 10 or 20 umoles of pL-meva- 
lonie acid-2-C™ (i.e. concentrations of 0.002, 0.004 or 0.008 m) 
resulted in almost the same amount of incorporation into cho- 
lesterol: 1.22, 1.34 and 1.26 wmoles respectively. Separate 
experiments with smaller quantities showed that the curve 
started to level off at concentrations of approximately 0.0016 
to 0.0018 m. As half of the added pi-mevalonate consisted of 
biologically inactive isomer, the incorporation amounted to 
nearly 50 per cent of the active form at a concentration of 
0.002 m and 25 to 30 per cent at a concentration of 0.004 m of 
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TABLE I 
Effect of oxygen upon conversion of acetate-1-C'4 to 
squalene or cholesterol 

Conditions were similar to Figs. 1 and 2 except that the anaero- 
bie incubations were carried out in stoppered flasks, flushed with 
nitrogen for 10 minutes and also during incubation. The nitro- 
gen was bubbled through Fieser’s solution (18) to remove traces 
of oxygen, or a special grade of nitrogen was used (Edison Com- 
pany). 

In Experiment No. 3, incubation was anaerobic for 2 hours, 
followed by exposure to oxygen for 6 minutes. 


Source of | Gas phase Squalene Cholesterol 
| | c.p.m.* c.p.m.* 
] Acetate Nitrogen 1000 
Oxygen 10 522 
2 Acetate Nitrogen 1000 5 
| Oxygen 1 689 
Acetate Nitrogen 1000 3 
| _ Nitrogen and oxygen 590 | 30 
| (6 min.) | 
4 Squalene Nitrogen 1000 | 0 
| Oxygen 480 | 362 


* To facilitate comparisons, counts per minute within each 
experiment are normalized to 1000 ¢.p.m. obtained in squalene 
when incubated anaerobically. 


the pL preparation. Accordingly 0.004 mM pL-mevalonate was 
selected for future use since this concentration was found not 
to be limiting even in Triton-treated animals where the increase 
in its conversion to cholesterol was less than 2-fold. 

For measurement of the synthesis of squalene from acetate, 
incubations were carried out anaerobically (15, 21) (Table I). 
When oxygen was excluded, radioactivity accumulated in 
squalene and a negligible amount passed into steroids. Con- 
versely in the presence of oxygen, very few counts collected in 
squalene and a large portion of the activity appeared in cho- 
lesterol (Table I, Experiments No. 1 and No. 2). Incubation 
with labeled acetate under nitrogen, followed by a brief ex- 
posure to oxygen, brought about a rapid disappearance of the 
activity accumulated in squalene, with conversion to cholesterol 
at nearly half of the expected rate (Experiment No. 3). The 
activity that disappeared from squalene and did not appear as 
cholesterol could largely be recovered in a fraction that chro- 
matographically resembled lanosterol.s The ability to convert 
this latter substance to cholesterol appeared to be impaired by 
the 2-hour incubation under nitrogen. Substitution of labeled 
squalene for C'-acetate in the incubation mixture resulted in 
no demonstrable transfer of radioactivity to steroid when in- 
cubation took place under nitrogen (recovery of radioactive 
squalene added was 85 per cent), whereas under oxygen active 
transfer was obtained (Experiment No. 4). It was concluded 
that the capacity of the svstem to convert acetate to squalene 
could be evaluated if oxvgen were rigidly excluded from the 
incubation mixture. 

Comparison of Liver Preparations from Rats of Various Ex- 
perimental Groups—Liver preparations from animals treated in 
various ways were incubated in a standard assay system con- 
taining DPN, fructose-1 ,6-diphosphate, and labeled substrates. 
There was considerable variation in activity among the values 

? This procedure was very kindly carried out by Dr. Ivan D. 
Frantz, Jr. 
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within each experimental group, in spite of vigorous efforts to 
maintain uniformity of animals, their nutrition and environment, 
and the technique of tissue preparation. These differences were 
insignificant, however, compared to the very large differences 
between groups (Table II). (It should be emphasized here 
that although one liver preparation differed widely from another, 
duplicate incubations of the same preparation usually agreed 
within a range of +5 per cent.) 

The results from Table II are summarized in Table III, the 
upper part of which shows the average values for the various 
groups. Extreme elevations or depressions of acetate incorpo- 
ration resulted from the various experimental conditions imposed. 
The incorporations of mevalonate or of squalene, although fol- 
lowing the same upward or downward trends, were much less 
affected. The important point to note is that in each group 
the levels of conversion of acetate into squalene and into cho- 
lesterol were closely similar. Thus the total synthesis of the 
end product reflected the early rather than the later steps in 
the biosynthetic pathway. 

The Triton-treated animals recorded in Table III were fed 
ad libitum. Triton was also remarkably effective in fasting 
rats, being capable of restoring cholesterol synthesis to normal, 
as previously observed by Frantz and Hinkelman (5). On the 
other hand, when added in vitro at concentrations ranging from 
4 x 10-°' to 4 * 10°! mg. per ml., it produced no appreciable 
increase in the capacity of preparations from normal or fasting 
animals to synthesize squalene from acetate. 

X-irradiated rats and their controls were deprived of food 
because irradiation interferes with intestinal absorption. Even 


though these animals were fasting, cholesterol formation from | 


acetate rose to 4 times the normal level. In the controls fast- 


ing 48 hours the increase was far more impressive, approaching | 
However, cholesterol formation from mevalonate — 
and from squalene was relatively much less increased (‘Table III). - 

Since the results in animals fasting for 24 and 48 hours ap- 


300-fold. 


peared essentially similar, they were grouped together for com- 
parison with normal, fed animals. 
enriched diet resembled those fasting animals; there was an 


extreme depression in conversion of acetate to squalene or to— 


cholesterol, but a more moderate decrease when the other two 
precursors were tested. Prolonged feeding of the high-cho- 


lesterol diet led to an even more severe depression, but the — 


pattern of response was similar. 


In the A‘-cholesten-3-one experiment the forced feeding ot . 


Wesson oil delayed the effects of fasting, since the controls 
synthesized cholesterol from acetate at a rate 13 times greater 
than other fasting animals. However, compared to these oil- 
fed controls, the rats fed A*-cholesten-3-one in general resembled 
those fed cholesterol (Table ITI). 


Comparison of Microsomes and Soluble Cell Components from 


Livers of Different Experimental Groups—Various combinations | 
of microsomal and soluble fractions from livers of normal and 
treated animals were examined for their capacity to form cho- 
lesterol from acetate. The most definitive results were ob- 
tained when fractions with very high and very low activity 
were mixed. For example, when microsomes from normal | 
liver were resuspended in supernatant fluid from “fasting” 
liver, and vice versa, it was found that the activity of the re-_ 
sulting preparation depended far more upon the kind of micro 
somes than upon the kind of soluble material present. When’ 
the microsomes were derived from fasting animals incorporatioa | 


Rats fed a cholesterol- 
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was approximately 90 per cent less than normal even in the 
presence of normal soluble fraction (Table IV, a to d). 
As would be anticipated from the findings in the preceding 


TaBLe II 


Biosynthesis of squalene and cholesterol in liver preparations from 
experimental and control rats 


Conditions as in Fig. 1 and Table I. Added 0.012 m acetate- 
1-C!4 (4.5 & 10° total ¢.p.m.), or 0.004 m potassium DL-mevalonate- 
2-C'4 (3.7 103 total c.p.m.), or 0.0012 m squalene-C"™ (1.05 104 
total c.p.m.). Incubations with the C!4-mevalonate were for one 
hour only, the others for two hours. 

The column, acetate — cholesterol, indicates the C!* recovered 
in cholesterol following incubation with acetate-1-C'*. Ace- 
tate — squalene indicates the C' recovered in squalene following 
anaerobic incubation with acetate-1-C'™. As an added check on 
the exclusion of Oz, cholesterol samples from these incubations 
were also counted; in all cases they contained negligible activity. 
Mevalonic — cholesterol indicates the C4 recovered in cholesterol 
following incubation with mevalonic acid-2-C™ and squalene — 
cholesterol indicates the C!4 recovered following incubation with 
C'-squalene. 


cholesterol Acetate squalene | Mevalenic 
Normal 
C. p.m. c.p.m. | c.p.m. c.p.m. 
| | 285 
| 498 | 
2,325 | | 
2,085 | | 
2,900 | 
2,350 | 
1,175 | 
2,665 3,715 | 
1,610 
1,495 | 
2,550 1,400 | 619 
944 | 
1,600 270 
1,500 
1,520 | 298 | 
1,540 300 233 
940 | 
1,630 1,520 265 | 337 
2,075 2,810 | 270 | 387 
Treated with Triton 
11,950 14,550 
10,925 720 
6,450 | 449 
11,280 11,995 | 570 478 
12,150 10,780 | 547 
X-irradiated and fasting 48 hours 
465 | 
8,110 
6,695 7,040 | 
6,205 6,215 | 
9 , 225 6,330 | 1,085 
6,900 540 | 956 
7,215 5AT | 
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TABLE II (Continued) 


A _ Mevalonic — S ine — 
| Acetate — squalene | 
Fasting 24 hours 
c.p.m c.p.m. | c.p.m. c.p.m. 

20 
100 | 
21 141 
59 | 172 
8 | 73 
Fasting 48 hours 
30 
7 55 110 
20 0 34 | 40 
50 3 52 | 94 
Cholesterol-fed: 3 days 
22 lll 
6 18S 
2 6 39 101 
9 g 75 155 
Cholesterol-fed: 4 to 6 weeks 
3 33 
3 25 
5 19 
§ 50 
At-cholesten-3-one 
2 3 72 34 
2 3 103 | 74 
Wesson oil 
457 330 254 201 
574 509 216 219 


section, the incapacity of ‘‘fasting’’ microsomes to promote 
cholesterol formation was less pronounced when labeled squalene 
was the precursor; with ‘fasting’? microsomes and normal 
soluble fraction the incorporation of squalene was reduced by 
only 40 per cent (Table IV, a to d). 

Similar results were obtained when cellular fractions from 
fasting and irradiated animals were mixed (Table IV, 7 to J). 
Incorporation of acetate into cholesterol was high except in the 
presence of microsomes depressed by fasting. 

Likewise when inhibition was produced by feeding cholesterol 
and the resulting liver fractions were combined with normal 
active ones, the outcome was the same: synthesis was greatly 
reduced only when the microsomes were derived from depressed 
livers, no matter what the source of the soluble fraction (Table 
LIV, n to q). 

When a similar experiment was performed with combined 
fractions from normal and Triton-treated animals, although the 
degree of change was less, the results followed an analogous 
pattern (Table IV, r to wu): with microsomes from animals 
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TABLE III 


Summary of Table II: averages and ratios of averages of treated 
and control groups 


Average values 
acetate — acetate — 
cholesterol | squalene lesterol | cholesterol 
C.p.m. c.p.m. c.p.m C.p.m. 

1,685 2,395 317 372 
Triton WR 1339......... 10,550 12,440 522 618 
X-irradiated, fasting 48 

7,390 6,695 517 996 
Fasting 48 hours......... 26 22 43 81 
Fasting 24 + 48 hours... 38 22 53 111 
Cholesterol-fed 3 days... 10 8 57 139 
Cholesterol-fed 4-6 weeks. 4 32 
A‘-cholesten-3-one ....... 2 3 88 54 
cu 516 420 235 210 

Ratio of averages of treated to control groups 

Triton/normal........... 6.3 5.2 1.7 
Irradiated/fasting 48 

Fasting 24 + 48 hours/ 

0).02 0.01 0.17 0.30 
Cholesterol-fed 3 days/ 

0.006 0.003; 0.18 0.37 
A‘*-cholesten-3-one/Wes- 

0.004 0.007, 0.38 0.26 


stimulated by Triton the activity was elevated 5- or 6-fold 
above normal even in the presence of normal supernatant fluid. 
Normal microsomes showed only a 2-fold increase when com- 
bined with supernatant fluid from animals treated with Triton. 

Thus, microsomes from depressed livers never approached 
normal effectiveness even in the presence of highly active super- 
natant fluids, whereas potent microsomes usually exhibited at 
least half of their original activity even when suspended in 
soluble fractions from inhibited livers. 

In the above experiments with mixed cellular fractions, un- 
washed microsomes were used. Washing of normal microsomes 
resulted in no loss of activity when they were recombined with 
normal soluble fraction (Table IV; Experiment No. 3, a and e). 
When suspended in supernatant fluid (fasting), washed normal 
microsomes still exhibited 80 per cent as much activity as un- 
washed ones (Experiment No. 4, band f). Hence, the effective- 
ness of the system consisting of normal microsomes and super- 
natant fluid (fasting) cannot be attributed to contamination by 
normal soluble components. The capacity of supernatant 
fluid thus remains relatively unimpaired in fasting. 

The deficient cholesterol synthesis in preparations (fasting) 
was not overcome by increasing the number of particles; when 
the concentration of microsomes (fasting) was elevated by 1.3- 
to 2-fold no rise in activity resulted, even when the particles 
were combined with highly active supernatant fluids (Table 
IV; c, g, h, k, and m). 


DISCUSSION 


Although many steps in the biosynthesis of cholesterol from 
acetate remain uncertain, it now appears that after their activa- 


4 Designation followed by (fasting) refers to material derived 
from a fasted animal. 
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TaBLE IV 
Effects of combining microsomes and soluble components from livers 
of different experimental groups 
Microsomes and soluble cell constituents were obtained from 
livers of normal and experimentally treated rats as indicated 


above. The particles were suspended in volumes of soluble frae- 
tion sufficient to approximate their original concentration. Con- 
ditions of incubation as in Fig. 1 and Table I. 
Experimental Values 
Cellular fraction ix 
Acetate — cholesterol 
terol 
No. 1 No. 2 | No. 3 | No. 4 | No. 2 
c.p.m. c.p.m. C.p.m. c.p.m. Cc. p.m. 
(a) Normal Normal (1,435 924 831 2,035 | 1,770 
(b) Normal Fasting 935 700 1,405 | 1,350 
(c) Fasting Normal 95 SO 60 | 1,055 
(d) Fasting Fasting 23 25 7 S14 
(e) Normal-w* Normal | 871 
(f) Normal-w* Fasting | 1,120 
(g) Fasting | Normal | 
1.35T | | 
(h) Fasting xX | Normal | 25 
1.70t | 
| 
(i) Irradiated Irradiated 3,245 6,205 |3,263 
(7) Irradiated Fasting 910 4,290 
(k) Fasting Irradiated 17 | 207) 149 
(1) Fasting Fasting 2 
(m) Fasting ™ | Irradiated 65 
2.07 | 
(n) Normal Normal 2,665 | | 
(0) Normal Cholester- 1,160 | | | 
ol-fed | | | 
(p) Cholesterol- | Normal | 92 | | | 
fed | | 
(q) Cholesterol- | Cholester- 22 | | 
fed ol-fed | | 
(r) Triton Triton | 11,950 
(s) Triton Normal 6,115 
(t) Normal Triton | 2,300 
(u) Normal Normal 1,175 


* “Normal-w’’ indicates that these normal microsomes were 


washed once by resuspension in medium and recentrifugation ; 


before resuspension in soluble fraction. 

+t Microsomes from “fasting”? livers were added in concentra- 
tions of 1.35, 1.70, or 2.0 times the standard concentration used 
in the respective control experiments. 


tion, 3 molecules of acetate combine to form branched chain 
intermediates having 6 (or 5) carbon atoms, multiple condensa- 
tion of which yields squalene. 
which passes through further steps to cholesterol (22). 


The latter cyclizes to lanosterol | 
Meva- | 


lonic acid, or a closely related derivative, enters the pathway at — 


the 6-carbon level (23-26). We employed labeled acetate, 
mevalonate and squalene as precursors in order to compare 


several segments of the cholesterol-forming pathway under — 
various experimental conditions. Studies along similar lines — 
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have been carried out by others. Gould and Popjdk (3), in a 
preliminary report on experiments with homogenates from 
livers of cholesterol-fed and x-irradiated rats, found that the 
incorporation of mevalonic acid-C™ into cholesterol was un- 
altered in spite of extreme changes in incorporation of acetate-C™. 
Although these investigators did not observe the changes in the 
segments of the pathway beyond the point of entry of mevalonic 
acid, their finding of a major change ,at an earlier stage is in 
essential agreement with ours. As regards later steps, Scaife 
and Migicovsky (27) found indications of a metabolic block 
between acid, and squalene in 
liver homogenates from fasting animals. In addition they 
found no conversion of squalene to cholesterol, suggesting 
another block beyond this point. We found that, although in 
the irradiated and Triton-treated groups cholesterol formation 
from mevalonate and squalene was equally enhanced, in the 
fasting and cholesterol-fed groups sterol formation from meva- 
lonate was depressed twice as much as sterol formation from 
squalene (Table III). Possibly in these two conditions there 
is a partial block between mevalonate and squalene in addition 
to one between squalene and cholesterol. 

From the tissue fractionation experiments it appears that the 
activity of the system is determined primarily by the micro- 
somes. Hence, synthetic capacity is not dependent upon the 
activation of acetate or upon the presence of an active glycolytic 
system to supply ATP and reduced pyridine nucleotides since 
these functions are mediated by the soluble fraction (15), and 
since adequate amounts of glycolytic substrate have been pro- 
vided (4). The inability of normal supernatant fluid to activate 
microsomes (fasting) has also been observed by Migicovsky 
et al. (28). That the defect in fasting is not attributable to an 
inadequate amount of microsomal material is shown by the 
experiments in which the concentration of these particles was 
increased without raising the activity (Table IV). Further, 
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if a mere loss of microsomes were involved, one would expect 
all of the particle-bound functions to be depressed in a parallel 
fashion, but such was not the case; we found that the conver- 
sion of acetate to squalene, mevalonic acid to squalene, and 
squalene to cholesterol all depended upon microsomes (29), and 
yet the latter two conversions were much less inhibited by 
fasting than the former. 

The action of dietary cholesterol in suppressing an early 
step in the biosynthetic pathway suggests that cholesterol 
production by the liver may be regulated by a homeostatic 
control mechanism (30), similar to those reported in certain 
systems in microorganisms (31). The effectiveness of Triton 
in overcoming fasting and cholesterol feeding (5), and of x-irra- 
diation in overcoming fasting suggest that all of these conditions 
act upon a rate-limiting step in the pathway by way of a com- 
mon mechanism, the nature of which remains to be elucidated. 


SUMMARY 


The capacity to synthesize cholesterol from C-labeled ace- 
tate, mevalonic acid and squalene has been studied in cell-free 
preparations of liver from rats subjected to x-rays, Triton 
WR 1339, food deprivation, administration of a cholesterol- 
rich diet, and A*-cholesten-3-one. 

In each experimental group, large deviations from the normal 
level were found in all segments of the reaction sequence, but 
the extreme changes appearing before the point of entry of 
mevalonic acid far outweighed those occurring at later stages. 

Tissue fractionation studies showed that the activity of the 
system was determined principally by the microsomes. The 
soluble components were also affected, but to a lesser extent. 

The findings suggest that the physiological control of choles- 
terol biosynthesis in rat liver is exerted primarily upon a micro- 
some-dependent step in the segment of the biosynthetic path- 
way preceding the utilization of mevalonic acid. 
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The conversion of androgenic steroids to the phenolic estro- 
gens by mammalian tissue has been well documented. The 
reaction has been reported in relatively low yield, in vitro with 
ovarian and placental slices (1-3), and in vivo after the adminis- 
tration of androgens to various species including man (4, 5). 
The present report describes the conversion of androgens to 
estrogens in high yield by a system consisting of human pla- 
cental microsomes, the reduced form of triphosphopyridine 
nucleotide, and oxygen. Localization of the enzymatic activity 
has permitted evaluation of enzyme kinetics, cofactor require- 
ments, and substrate specificity. A preliminary note on the 
conversion of A‘-androstene-3 ,17-dione to estrone by this sys- 
tem has been published (6). 


EXPERIMENTAL 


Tissue Preparattion—Human placentas, obtained immediately 
after delivery, were dissected free of fetal membranes and 
processed at 4°. The placental tissue was teased free of large 
blood vessels, put througha meat grinder, weighed, and homogen- 
ized in a Waring Blendor for 1 minute in buffer containing 
0.25 m sucrose, 0.05 m phosphate, pH 7, and 0.04 m nicotinamide. 
1 volume of buffer to 3 parts of tissue by weight was found to 
provide preparations of optimal activity. The homogenate 
was fractionated by the differential centrifugation techniques 
of Schneider and Hogeboom (7), and subcellular fractions were 
obtained as listed in Table I. Active preparations could be 
stored in the Deep Freeze for weeks without loss of activity. 
The protein content was determined by weighing the dry tissue 
after trichloroacetic acid precipitation and extraction with 
organic solvents (8). 

Incubation Techniques—The placental preparations containing 
the steroids dissolved in propylene glycol and cofactors were 
incubated in 50-ml. Erlenmeyer flasks at 37° in a Dubnoff incu- 
bator with air as the usual gas phase. Except where noted, 
all steroids, cofactors, reagents, and inhibitors were commercial 
preparations. TPNH was prepared by the method described 
by Kaplan et al. (9). 

Extraction and Purification Procedures—Extraction of the 
incubation mixtures was carried out three times with 6 volumes 
of chloroform. The pooled chloroform solutions were washed 
with 10 ml. of distilled water and evaporated. The residues 
were dissolved in 20 ml. of pentane and extracted three times 
with 20 ml. of 90 per cent methanol. The pooled methanol 
extracts were evaporated and the residues dissolved in 50 ml. 


* This work was supported by a grant to Harvard Medical 
School from the Josiah Macy, Jr., Foundation. A preliminary 
report of this work was presented at the forty-ninth annual 
meeting of the American Society of Biological Chemists, Phila- 
delphia, Pennsylvania, April 14 to 18, 1958. 


of toluene. The toluene was extracted four times with 15 ml. 
of 1 N NaOH and twice with 10 ml. of water. The combined 
alkali and water extracts were adjusted to pH 8.5 and extracted 
three times with diethyl ether (10). The ether was evaporated 
and the residues subjected to an 8-transfer countercurrent 
distribution in toluene-NaOH (1 Nn) to purify further the phe- 
nolic steroids as described by Baggett et al. (1). The phenolic 
material was next put through a 24-transfer countercurrent 
distribution in 50 per cent methanol-CCl, with the use of tech- 
niques previously reported (10). In this manner the estrogens 
could be isolated and characterized. 

Paper chromatography of the extracts was carried out at all 
stages of the purification procedure according to the techniques 
of Bush (11) with the solvents described in previous communi- 
cations (6, 12). A mixture of equal parts of aqueous ferric 
chloride and potassium ferricyanide, each 1 per cent, was used 
as a spray to detect the estrogens on paper. Ultraviolet absorp- 
tion and the Zimmermann reaction adapted for paper were 
employed to locate other compounds. 

Quantitative assays for the estrogens were carried out in 
duplicate at all stages of purification by the sulfuric acid fluores- 
cence method of Engel et al. (10) and the less elaborate technique 
described by Sweat (13). Kober chromogens were determined 
according to the modifications of Brown (14). Androgens were 
measured by the Callow modification of the Zimmermann 
reaction (15). The radioactive samples were measured at 
infinite thinness on stainless steel planchets with a windowless 
gas flow counter operated in the Geiger region. 
troscopy was carried out with a Perkin-Elmer model No. 21 
double beam instrument with sodium chloride optics. Color- 
imetry was performed with a Bausch and Lomb spectrophotome- 
ter and fluorometry with the Farrand fluorometer. 


Identification of Estrone and Estradiol'\—Upon incubation of a | 


Infrared spec- 


complete system such as described in Tables I and II, the estro- — 
gen metabolites formed were identified by the following criteria: — 
1. There was always a net formation of fluorogenic and Kober — 


chromogenic metabolites. 
2. Solvent partition and isolation of a phenolic fraction demon- 


strated that the metabolites were phenolic steroids. 


3. Comparison of standard samples of estrone and of estradiol 


with the incubation products by Bush chromatography (11) re- _ 


vealed identical Rr values in two solvent systems. 


4. Separation and characterization of the enzymatically — 


formed estrogens by countercurrent distribution revealed good 
agreement of experimental and theoretical curves, and _ the 
partition coefficients obtained in the 24-transfer system with 50 
per cent methanol-CCl, were identical with known estrone 
and estradiol. 


1 Estradiol as used herein refers to estradiol-17-6. 
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TABLE I 


Subcellular distribution of enzymes concerned 
with ring A aromatization 


Placental preparations equivalent to those obtainable from 
12.5 gm. (wet weight) of tissue were employed, and the fractions 
were reconstituted with 0.05 m phosphate buffer, pH 7, to their 
original concentration in the 800 X g supernatant. The follow- 
ing were added: 200 ug. of At-androstene-3,17-dione, 10 uwmoles of 
ATP, and 2.5 wpmoles of DPN. The mixtures were incubated in 
air for 1 hour at 37° in a total volume of 5ml. Extractions and 
assays were carried out as described in the text. It should be 
noted that the ‘‘Microsomes plus soluble’’ recombination is 
equivalent to a 10,000 X g supernatant fraction. 


Fraction Estrone formed 


Homogenate; 800 g supernatant.......... 
Mitochondria; 10,000 X g precipitate.......... 
Microsomes; 80,000 X g precipitate............ 
Soluble; 80,000 XK g supernatant............... 
Mitochondria plus soluble; recombination...... 
Microsomes plus soluble; recombination....... 


5. Infrared spectroscopy of the acetates of the estrogen metab 
olites produced spectra characteristic of estrone and estradiol 
acetates.” 

Control Experiments—Extraction of the placental tissue at 
zero time or after incubation for 1 hour without steroid failed to 
reveal the presence of estrogens (Table II) as determined by the 
fluorescence and Kober assays. Since the estrone formed was 
usually 80 times the amount isolated by Dieczfalusy and Lind- 
kvist (16) from comparable weights of placenta, no difficulty was 
encountered in measuring net formation of estrogens. It 
was possible to recover 85 + 4 per cent of added estrone from 
the system at zero time (10 experiments), and added estrone 
was stable during the course of a 1-hour incubation. All data 
provided are typical results based on two or more replications for 
each experiment. Duplicate experiments agreed within 7 per 
cent. The placentas tested were from 13- to 40-weeks gestational 
age and were all active. The substrates were checked by the 
chromatographic and assay techniques listed and found to be 
free of contaminating steroids. When allowance is made for 
the losses associated with the purification procedures, all of the 
starting material could be accounted for as either estrogen 
conversion product or unchanged substrate. 


RESULTS 


Incubation of A‘-androstene-3,17-dione with placental ho- 
mogenates, ATP, and DPN, resulted in the formation of estrone 
(Table I). It should be noted that the particular substrate 
and type of enzyme preparation employed determined whether 
estrone, estradiol, or a combination of the two were formed 
(see below). 

Localization of Aromatizing Activity—Upon subcellular frae- 
tionation of the placenta, the activity of the whole homogenate 
was found to reside in a preparation containing both the micro- 
somal and supernatant fractions (Table I). These two fractions 
were inactive when incubated alone, but upon recombination, 


? Infrared spectroscopy was carried out by Mrs. D. Wheeler 
and Miss M. Collins through the courtesy of Dr. L. L. Engel. 


TaB_eE II 
Control experiments: steroid aromatization 


A 10,000 X g placental supernatant fraction equivalent to 12 
gm. (wet weight) of tissue was incubated with 10 umoles of ATP, 
2.5 pmoles of DPN, and 200 ug. of At-androstene-3,17-dione in 
air at 37° for 1 hour in a total volume of 5ml. Fluorescence and 
Kober assays were carried out on a purified phenolic extract pre- 
pared as described in the text. 


Estrone formed 
Conditions 
Kober 
Fluorescence 
chromoge 
assay 
HE. BE. 
Complete system at zero time............. 0 0 
System incubated without A*-androstene- 
Complete system incubated............... 40 40 
Tas_eE III 


Cofactor requirements for ring A aromatization 
Microsomal fraction (2.3 mg. of protein per ml.) in 0.05 m 
phosphate buffer, pH 7, was incubated in air for one hour at 37° 
with 200 ug. of At-androstene-3,17-dione and the additions noted 
below in a total volume of 5 ml. 


Additions Estrone formed 

Glucose 6-phosphate and glucose 6-phosphate 

TPN (1 umole), glucose 6-phosphate, glucose 

6-phosphate dehydrogenase................... | 23 


the system was fully active. By analogy with the adrenal 
hydroxylation systems previously described (12), it was de- 
termined that the soluble component provided the enzymes and 
substrates for TPN formation and reduction, and the aromatizing 
activity resided in the microsomal fraction. The supernatant 
fraction could thus be replaced by a TPNH-generating system or 
by the reduced coenzyme (Table II1). 

Enzyme Kinetics—The relationships of estrone formation to 
incubation time and to substrate, TPNH and microsomal pro- 
tein concentrations are indicated in Figs. 1 to 4. Although 
the aromatization of androgens probably represents a multi- 
enzyme system, it is interesting to note that the time curve is 
linear for the Ist hour. No identifiable intermediates were 
uniformly noted in the incubations described (see below). Along 
the ascending portion of the substrate concentration curve 
(Fig. 2) the estrone vield was 50 to 60 per cent. Translated 
into a theoretical potential for an average-sized whole placenta 
of 500 gm., this would be equivalent to at least 1 mg. of estrone 
per hour. 

A pH optimum of 7 was observed, and the reaction was in- 
hibited in the presence of nitrogen. Disodium ethylenediamine- 
tetraacetate, Cut++, Hg**, cyanide, and iodoacetate at 10-3 
concentration had slight or no inhibitory effects. 
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Fic. 1. The conversion of At-androstene-3, 17-dione to estrone 
by human placenta as a function of time. Microsomal fractions 
(4.6 mg. of protein per ml.) were incubated with 1 mg. of A‘- 
androstene-3, 17-dione, 2 umoles of TPN, 40 umoles of glucose-6-P, 
and 1.2 mg. of glucose-6-P dehydrogenase (Sigma) in a total 
volume of 5 ml. at 37° for the times indicated. 
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Fic. 2. Formation of estrone as a function of substrate con- 
centration. Placental 10,000 X g supernatant fractions prepared 
from homogenates equivalent to 12 gm. (wet weight) of tissue 
were incubated with 10 wmoles of ATP, 5 wmoles of DPN, and 
A*t-androstene-3, 17-dione in the amounts indicated, for 1 hour at 
37° in a total volume of 5 ml. 
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Fic. 3. The formation of estrone by placental microsomes as a 
function of TPNH concentration. Placental microsome fractions 


(4.6 mg. of protein per ml.) were incubated with 1 mg. of A‘- 


androstene-3, 17-dione and TPNH in the amounts indicated for 1 
hour at 37° in a total volume of 5 ml. 
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Fic. 4. The formation of estrone by human placental micro- 
somes as a function of microsomal protein concentration. Human 
placental microsomes in the amounts indicated were incubated 
with 1 mg. of A‘t-androstene-3,17-dione, 2 umoles of TPN, 40 
umoles of glucose-6-P, and 1.2 mg. of glucose-6-P dehydrogenase 
(Sigma) in a total volume of 5 ml. at 37° for 1 hour. 


TaBLE IV 
Substrate specificity for ring A aromatization 

A 10,000 X g placental supernatant fraction equivalent to 12 
gm. (wet weight) of tissue was incubated in air with 10 uwmoles 
of ATP, 5 wmoles of DPN, and the substrates indicated at 37° 
for 1 hour. Those substrates which were active were also tested 
with a system consisting of microsomal fractions (2.3 mg. of pro- 
tein per ml.) and 7 wmoles of TPNH under similar conditions. 
The results with the two systems were identical. 


Substrate added Relative activity 
100 
100 
100 
25 
| 0 


* “Adrenal steroids’’ refer to the following compounds: 


adrenosterone, cortisol, corticosterone, deoxycorticosterone, 
17 ,21-dihydroxyprogesterone, pregnenolone, and 17-hydroxy- 
pregnenolone. 


Substrate Specificity3—Of the various steroid substrates which 
were tested in the aromatization reaction, only certain Cy 
compounds were active (Table IV). From his studies with 
placental slice incubations, Meyer (3) reported that 19-hydroxy- 
A‘-androstene-3 , 17-dione was a more active precursor of estrone 
than was A‘-androstene-3,17-dione. The observation here that 
the 19-hydroxy compound was not more active in this regard 
sheds no light on its potential role as an intermediate since 19- 
hydroxylation might not be a limiting factor in these prepara- 
tions. 
3,17-dione used as a substrate, an ultraviolet absorbing, | 


3 The aromatization of 16a-hydroxylated Ci) compounds 


the formation of estriol is currently under study. 


_— 


However, in occasional incubations, with A*-androstene 
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Zimmermann-reacting compound with chromatographic mobility 
of the 19-hydroxy derivative was noted. Insufficient material 
was available for identification. The data on 19-nortestosterone 
and A!-4-androstadiene-3,17-dione suggest that these com- 
pounds are less likely intermediates in the conversion. The 
results of the incubations with dehydroepiandrosterone as 
substrate are not surprising in view of the known presence of 
the A®-36-o0l dehydrogenase which can convert dehydroepian- 
drosterone to A*-androstene-3,17-dione (17). Evidence for 
this conversion was obtained by the accumulation of the latter 
compound in addition to estrone when dehydroepiandrosterone 
was the substrate. The A*-androstene-3,17-dione was char- 
acterized by its Ry values in the paper chromatographic systems 
described, but no attempt to isolate the compound in quantities 
sufficient for rigorous identification was made. 

When testosterone was incubated with placental homogenates 
or the initial microsome fractions, the product was estrone or a 
mixture of estrone and estradiol. The principal conversion was 
difficult to establish because of the observed presence of the 
178-ol dehydrogenases which interconvert A‘-androstene-3 , 17- 
dione and testosterone and also estradiol and estrone. These 
dehydrogenases have been reported in the supernatant fraction of 
human placental homogenates (18), but in the present case 
they were also microsomal contaminants. When the micro- 
somal preparations were washed with buffer and resedimented 
at 80,000 x g at least five times, they could be freed of all 
dehydrogenase activities, and then A*‘-androstene-3,17-dione 
was converted to estrone, and testosterone was converted to 
estradiol with comparable yields (Table V). 

In an attempt to pick up trace intermediates and further 
check the conversion described, 4-C'4-testosterone was incubated 
under similar conditions. Radioactive estrone was recovered 
from the experiments with homogenates, and radioactive estra- 
diol from the experiments with washed microsomal preparations. 
There was sufficient conversion to permit direct measurement of 
the estrone and estradiol by the assay techniques described 
without the addition of carrier and without the utilization of an 
isotope dilution procedure (Table VI). No rigorous tests for 
radiochemical purity were undertaken because this portion of 
the work was designed as a screening procedure for intermediates. 
Several trace radioactive compounds were detected by radio- 
autography of paper chromatograms, but none of these sub- 
stances have as yet been identified. No estrogen or other 
conversion products were observed in the zero time controls 
containing 4-C'*-testosterone. 


DISCUSSION 


The aromatization of Cy, steroids to form phenolic estrogens 
is here described in a system in vitro consisting of human pla- 
cental microsomes, TPNH, and oxygen. 

Mechanisms for the enzymatic conversion of androgens to 
estrogens have been proposed, based in part on experience with 
chemical methods for removing the angular methyl group (19) 
and in part on the biological observations with placental slices 
and microbial systems (20). Among the possibilities suggested 
have been 19-hydroxylation, removal of the angular methyl 
grouping as formaldehyde, formation of the A!-double bond, and 
rearrangement of the A!:‘-dieneone system to form the phenolic 
steroid. Hydroxylation at C-1 or C-2 may play a part (21). 
Thus far the finer details have not been established, but the 
counterparts of several of these proposed steps have been clearly 
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TABLE V 
Ring A aromatization with washed microsomal preparations 


Microsomal fraction (4.6 mg. of protein per ml.) in 0.05 m 
phosphate buffer, pH 7, was incubated in air for 1 hour at 37° 
with 1 mg. of the substrates noted below and 7.2 umoles of TPNH 
in a total volume of 5 ml. Estrone and estradiol were assayed 
as noted in the text. The microsomal fractions were washed and 
resedimented 5 times at 80,000 X g, and were thus freed of 178-ol 
dehydrogenases before incubation. 


Estrogen formed 
Substrate 
Estradiol | Estrone 
Mg 
0 70 


TaBLeE VI 
Conversion of 4-C'4-testosterone to estrone 


A placental 10,000 X g supernatant fraction equivalent to 12 
gm. (wet weight) of tissue was incubated in air at 37° for 1 hour 
with 121 ug. of 4-C'4-testosterone (9.0 X 105 c.p.m.), 10 umoles 
of ATP, and 5 umoles of DPN, in a total volume of 5ml. The 
incubation mixture was extracted as described in the text, and 
fluorescence and radioactivity measurements were carried out on 
the same samples. Radioactive estrone was also characterized 
by Bush chromatography in two systems as described in the 
text. 


Radioactivity Fluorescence 
Incubation — 
e Purified Conver- 
Total age of Conversion 
extracted total enolic sion to | Estrone | {4 estrone 
recovery raction estrone 
Zero.... 8.7 97 0.03 0 
1 hour.. 6.4 71 1.92 21 31 26 


demonstrated in steroid metabolism with adrenal microsomes 
(12) and with microorganisms (20-22). 

The aromatization reaction described here invites comparison 
with the conversion of hexahydrobenzoic acid to benzoic acid 
reported by Beer et al. (23) and Mitoma et al. (24). This con- 
version has been shown to occur in liver mitochondria in the 
presence of ATP, cytochrome c, glycine, ethylenediaminetetra- 
acetic acid, MgSO,, and a-ketoglutaric acid. The conditions 
described are sufficiently dissimilar to the androgen-estrogen 
conversion to suggest that the mechanisms for the formation of 
benzoic acid and for steroid aromatization are unrelated. 

Steroid aromatization as described here appears to fall into 
the general category of oxidation reactions which require TPNH 
and molecular oxygen. Mason (25) has extensively reviewed 
this type of biological oxidation, but despite the many examples 
described, no new insight into the mechanisms involved is 
available. 


SUMMARY 


A steroid aromatization reaction which reproducibly converts 
Cig steroids to estrogens in high yield has been described. The 
enzymatic activity resides in the microsomal fraction of the 
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human placenta and requires the reduced form of triphospho- 


pyridine nucleotide and oxygen. 


The relationship of this reac- 


tion to other aromatization systems has been considered. 
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_ the time when their thoracic ducts were cannulated (14). 


The Manner of Absorption of 3-s-Cholestanol and 
a'-Cholestenone by the Rat* 


D. D. CHapMANTt AND I. L. CHAIKOFF 


From the Department of Physiology, University of California, Berkeley, California 


(Received for publication, August 28, 1958) 


It has been amply demonstrated in recent years that animals 
can absorb cholestanol (1-7)! and that the feeding of diets rich in 
cholestanol to rats (1), rabbits (1, 2), or chickens! results in the 
accumulation of this saturated sterol in liver. Reports indi- 
cating that cholestenone is absorbed have also appeared (8-10). 

Since cholesterol is absorbed via the lymphatic pathway (11), 
we used rats provided with thoracic duct cannulas to study the 
manner of absorption of A‘-cholestenone and cholestanol. It is 
shown here that enterally administered cholestenone undergoes 
considerable change during its transport from the lumen of the 
intestine to lymph. Three C-labeled steroids were recovered in 
the lymph of rats fed cholestenone-4-C': free and esterified 
cholestanol, cholestanone, and cholestenone. Cholestanol-4-C", 
on the other hand, suffered no change, other than esterification, 
in its passage from intestinal lumen to lymph. 

EXPERIMENTAL 

C4 Sterols—The methods of preparation of cholestanol-4-C' 
and cholestenone-4-C™ have been described (6, 12), and the 
criteria for establishing their radiopurity have been discussed 
(6, 13). These steroids were purified by alumina chromatog- 
raphy just before they were used. 

Lymph Collection—Male rats of the Long-Evans strain, 


weighing about 250 gm., were fed an adequate stock diet until 
When 


- an adequate lymph flow was established, 0.5 to 1.0 mg. of the 


labeled sterol dissolved in 0.5 ml. of corn oil was administered 
by stomach tube. Lymph was collected from each rat for 24 
hours. Throughout the entire experimental period, the stock 
diet and 0.9 per cent NaCl solution were available to the rats. 
Lymph was collected in tared flasks containing a small amount 


_ of a heparin solution. 


_ Water and then evaporated to dryness as described above. 
oly residue was completely soluble in hexane. 


Extraction of Steroids from Lymph—Each lymph sample was 
extracted for 3 hours at 60° with 20 volumes of a 6:2:1 mixture 
of ethanol, ethyl ether, and chloroform. The flocculated protein 
Was separated and washed repeatedly with ethyl ether. The 
combined filtrate and washings were evaporated to dryness, 
with gentle heat, in a stream of nitrogen. The residue was 
dissolved in ethyl ether. The ether solution was washed with 
The 
An aliquot of 


* Aided by a grant from the United States Publie Health 


Service. 


t Present address, Department of Zoology, University of Wash- 


ington, Seattle, Washington. 


'D. D. Chapman, C. W. Nichols, Jr., and I. L. Chaikoff, in 
preparation. 


the hexane solution of the oil was used for determination of its 
content. 

Chromatographic Analysis of Lymph Steroids—Merck alumina, 
described as suitable for chromatographic use, was employed. 
The characteristics of each batch of alumina must be standard- 
ized and checked occasionally by use of authentic samples of the 
steroids under investigation. After exposure to moist atmos- 
phere, alumina loses its ability to separate steroids. It can be 
reactivated by heating, with stirring, on an electric hot plate 
and exposing it to the atmosphere for a very brief period. Small 
batches so prepared should be stored in airtight bottles. 

A mixture consisting of cholesterol palmitate, cholestanone, 
cholestenone, and the free sterols, cholesterol and cholestanol, 
was prepared. These compounds could be separated by elu- 
tion from the alumina column (100 parts by weight per part of 
lipide) with the following solvents: hexane for sterol esters; 3 
per cent ethyl ether in hexane for cholestanone; 6 per cent ethyl 
ether in hexane for cholestenone; and 60 per cent ethy] ether in 
hexane for the free sterols. 

Identification of C-labeled Compounds Appearing in Lymph— 
The identity of the labeled compounds in each fraction obtained 
from the column was verified by derivative techniques. To an 
aliquot of the appropriate radioactive fraction obtained from the 
column was added a quantity of the authentic, unlabeled steroid 
far in excess of the original weight of the labeled material con- 
tained in the aliquot. The specific treatment of each fraction is 
given below. 

Cholestanol—To an aliquot (containing less than 1 mg. of 
sterol) of the appropriate fraction eluted from the column were 
added 50 mg. of authentic cholestanol. Two l-mg. portions of 
this mixture were used for specific activity determination; the 
remainder was oxidized by chromic acid (15), the resulting 
cholestanone was recrystallized three times from methanol, and 
the specific activity of this derivative was determined. 

Cholestanone—In a like manner, carrier cholestanone was 
added to the appropriate column fraction, and specific activity 
determinations were carried out before and after recrystallization. 
In addition, this crystallized material was converted to the tetra- 
hydrocarbazole by the method of Dorée (16), and the corrected 
specific activity of the latter was determined. 

Cholestenone—Reerystallization of this fraction, with carrier 
cholestenone, to constant specific activity was considered suffi- 
cient to establish its identity. 

Cholestanol Esters—Carrier cholestanol was added to an 
aliquot of the appropriate fraction obtained from the column. 
After removal of solvent, this mixture was dissolved in acetone- 
ethanol, and several drops of 30 per cent KOH were added. 
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TABLE I 
C14-sterols found in lymph of rats fed cholestanol-4-C4 
In 24 hours 67 ml. of lymph were collected from Rat 1 and 48 
ml. from Rat 2. These contained, respectively, 37.6 and 35.3 per 
cent of the administered C"4. 


recovered in 
cu eluted fractions Identity of C™ 
Eluent peak compound 
Rati Rat 2 
% % 
I 80 78 Esterified cho- 
lestanol 

60% ethyl ether in 

II 20 22 Cholestanol 


* Solvent mixtures that did not elute radioactive materials 
are not included. 


TaBLeE II 


Identification of radioactive compounds in lymph of 
rats fed cholestanol-C'4 


After chromatography, aliquots of the eluent containing C!4- 
Peak I were taken to dryness, hydrolyzed with KOH in the pres- 
ence of carrier cholestanol, and extracted with hexane. After 
evaporation of the solvent, the residue was oxidized with chromic 
acid. Aliquots from Peak II were added to carrier cholestanol, 
the initial specific activity was determined, and chromic acid 
oxidation was carried out on the mixture. 


Rat 1 Rat 2 
Specific activity 
Peak I Peak II* Peak I Peak II* 
31F0 S68 2450 930 
3290 1100 2790 1430 


* Initial specific activities were somewhat low because of in- 
complete removal of accompanying absorbed fat. 


TaB_e III 
C'4-sterols found in lymph of rats fed cholestenone-4-C'4 
In 24 hours, 131 ml. of lymph were collected from Rat 3 and 
86 ml. from Rat 4. These contained, respectively, 7.9 and 9.6 
per cent of the administered C's. 


| Absorbed C'* recovered 
ae | cu in eluted fractions | I dentity of, cu 
Rat 3 Rat 4 | 
% | 
od I 34 28 Esterified choles- 
| tanol 
3% ethyl ether in | | 
hexane..... 21 | 35 Cholestanone 
6% ethyl ether in| | 
hexane 37 30 Cholestenone 
60°; ethyl ether in | | 
hexane..... Lees] IV | s 6.5 | Free cholestanol 


Absorption of 3-8-Cholestanol and A*-Cholestenone 


* Solvent mixtures not eluting radioactive materials are not 
included. 


After saponification for 30 minutes on the steam bath, the residue 
was treated as described above for identification of cholestanol. 
C'% Determination—Aliquots of fractions eluted from the 
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TABLE IV 
Identification of radioactive compounds in lymph of rats 
fed cholestenone-4-C'4 
Aliquots from Peaks II and III (Table III) were added to 
carrier cholestanone and cholestenone, respectively, and specific 
activities determined on recrystallized derivatives (see text), 
For treatment of Peaks I and IV, see Table II. 


| 


Rat 3 | Rat 4 
Specific activity 
Peak | Peak | Peak Peak | Peak | Peak | Peak Peak 
1 II Ill IV I II III IV 
413 476 | 1020 | 960 255 | 290 400 | 390 
Final 
(corrected) ..| 422 | 403 | 1020 | 920 280 | 244 360 . 280 


alumina columns were dried in aluminum planchets, and the C¥ 
was determined in a windowless flow gas counter to +5 per cent. 
For the determination of specific activities (in those cases in 
which carrier steroid had previously been added), samples 
weighing exactly 1 mg. were counted to avoid mass absorption | 
effects. 


RESULTS 


Approximately 35 per cent of the administered cholestanol-C" 
was recovered in the thoracic duct lymph of rats in 24 hours. 
This value is in close agreement with the values obtained by 
Daskalakis and Chaikoff (17) in absorption studies with labeled 
cholesterol under experimental conditions that were quite similar 
to those of the present study. 

In the experiments with cholestanol-4-C™, all of the C". 
recovered in lymph was accounted for by two radioactive frac- | 
tions which were identified as esterified (C'™-Peak I) and free — 
(C'4-Peak II) cholestanol (Tables I and II). C'-Peak I con- 
tained 78 and 80 per cent of the absorbed C™ in the two experi 
ments. 

Less than 10 per cent of the administered C™ from the labeled © 
cholestenone was found in the lymph in 24 hours (Table III). 
In this experiment, all of the C™ recovered in lymph was ac- 
counted for by four radioactive fractions which were identified © 
as esterified cholestanol, cholestanone, cholestenone, and free 
cholestanol (Tables III and IV). 


DISCUSSION } 


Certain similarities in cholesterol and cholestanol absorption 
are worthy of note. Under the standardized conditions of our 
experiments, both sterols were absorbed to about the same 
extent by the rat. Earlier studies have shown that the major 
portion of absorbed cholesterol recovered in lymph is esterified 
(17, 18), and it was observed here that about 80 per cent of the , 
C'-cholestanol found in lymph, whether or not it was derived 
from enterally administered, labeled cholestanol or cholestenone, 
was esterified. Recently Hernandez and Chaikoff (19) observed 
that cholesterol and cholestanol are esterified at about the same 
rate when incubated with a purified preparation of hog pancreas 
cholesterol esterase. Administered cholestanol is metabolized in 
the liver and gives rise to bile acids, the structure of which may. 
be similar to, but not identical with, those of the major bile acids 
of the rat (taurocholic and taurochenodeoxycholic acids) (6). | 

Earlier investigations carried out in this and other labora | 
tories have shown that A‘-cholestenone is readily converted to 
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cholestanol by the intact rat (6, 8, 13, 20). This transformation 
was also demonstrated in liver homogenates, from which evidence 
for cholestanone as an intermediate was obtained (20). Inter- 
estingly enough, in the present study, both C™-cholestanone and 
C-cholestanol were identified in thoracic duct lymph of rats 
that had been fed C-labeled cholestenone. Thus, the trans- 
formation of cholestenone to cholestanol via cholestanone can 
occur in extrahepatic areas of the body. Only about one-third 
of the enterally administered cholestenone-4-C" escaped change 
in its passage from the intestinal lumen to lymph. 


SUMMARY 


1. The absorption of cholestanol-4-C" and A*-cholestenone-4- 
C4 was studied in rats provided with thoracic duct cannulas. 
2. When the labeled cholestanol was administered enterally, 
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about 35 per cent of the C'* was recovered in lymph in 24 hours. 
The absorbed C' was completely accounted for by free and 
esterified cholestanol. 

3. Less than 10 per cent of the C™ of fed cholestenone-4-C™ 
was recovered in lymph in 24 hours. The C™ was completely 
accounted for by cholestanone, free and esterified cholestanol, 
and cholestenone. About one-third of the cholestenone was un- 
changed in its passage from intestinal lumen to lymph. 

4, 80 per cent of the C'-cholestanol recovered in lymph of 
rats fed cholestanol-4-C or cholestenone-4-C™ was esterified. 
This degree of esterification is similar to that observed in cho- 
lesterol absorption studies. 


Acknowledgment—We are indebted to Mr. H. H. Hernandez 
for preparation of the rats provided with thoracic duct cannulas. 
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Catabolism in Vitro of Cholesterol 


I. OXIDATION OF THE TERMINAL METHYL GROUPS OF CHOLESTEROL TO 
CARBON DIOXIDE BY RAT LIVER PREPARATIONS* 


M. W. E. STAPLE,T AND S. GuURIN 


From the Department of Biochemistry, School of Medicine, University of Pennsylvania, 
Philadelphia, Pennsylvania 


(Received for publication, September 11, 1958) 


Previous reports from this laboratory have dealt with the 
catabolism of cholesterol by adrenal tissue to form A®-pregnene-3 
B-ol-20-one and isocaproic acid (1, 2). The enzyme systems 
responsible for this oxidative cleavage of the cholesterol side 
chain were located in particle-free adrenal extracts and were 
found to require DPN and ATP for maximal activity. 

Quantitatively, the production of bile acids by liver tissue 
appears to be the major pathway of cholesterol catabolism in 
higher mammals. The extensive literature supporting the con- 
cept that cholesterol is the metabolic precursor of the bile acids 
has been well reviewed in recent years (3-8). These studies 
have been based principally upon analysis of bile secreted by 
bile-fistula animals after receiving injections of isotopically 
labeled cholesterol. Formation of unconjugated bile acids from 
cholesterol requires a complex series of metabolic reactions in- 
volving (a) reduction to the 5@ (cis) configuration, (6) inversion 
of the 3 B-hydroxyl group, (c) introduction of other hydroxyl 
groups with the @ configuration at Cs, Cz, C12, and so on, and 
(d) cleavage of the isooctyl side chain with loss of the terminal 
isopropyl grouping (C25, Cos, and C27). Oxidation in vitro of the 
terminal isopropyl group to carbon dioxide has been observed 
with rat liver slices (9) and with preparations of mitochondria 
from mouse livers fortified with a cofactor, SF,! obtained from 
the soluble fraction of the cell (10-12). The net conversion of 
the terminal methyl groups (C2, and Cs;) to carbon dioxide was 
reported to be of the order of 1 per cent. This level of oxidation 
by a mouse liver preparation was restricted to one strain (C3H). 
Other strains of mice and rats were found to have much less 
activity. 

We wish to report some observations on a system in vitro, 
prepared from both rat and mouse livers, capable of oxidizing up 
to 10 per cent of the terminal methyl groups of cholesterol to 
carbon dioxide. A preliminary report of some of our findings 
has already been given (13). 


EXPERIMENTAL 


Crystalline bovine serum albumin was obtained from Armour 
Laboratories, Chicago. AMP, ATP (as the disodium salt), 


* Supported by a grant of the National Heart Institute of the 
National Institutes of Health. 

+ Participated in this work during the tenure of an Established 
Investigatorship of the American Heart Association. 

1 The abbreviations used are: GSH, reduced glutathione; SF, 
soluble fraction from boiled liver extracts; PVP, polyvinyl! pvr- 
rolidone; and Tris, tris(hydroxymethy])aminomethane. 
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DPN and TPN were obtained from the Sigma Chemical Com 
pany, St. Louis. Cholesterol-27-C™ was synthesized from 36- 
hydroxy-5-norcholestene-25-one (kindly supplied by Dr. A. I. 
Ryer, Schering Corporation, Bloomfield, New Jersey) according 
to the method of Dauben and Bradlow (14) or obtained commer- 
cially from Beta Laboratories, Philadelphia. Mice were ob- 
tained from the Cancer Division, School of Medicine, University 
of Minnesota, Minneapolis (ZBC strain), or Huntingdon Farms, 
Philadelphia (dba strain). 

Washed mitochondria were prepared from livers of 10- to 


12-week-old male Wistar rats or from 3- to 4-month-old ZBC © 


mice. The livers were homogenized in cold 10 per cent (weight 
per volume) aqueous sucrose solution with a loose fitting glass 
Potter-Elvehjem homogenizer. The homogenate was _ centri- 
fuged at 600 x g for 10 minutes at 0° to remove unbroken cells, 
nuclei, and cell debris, and the supernatant suspension was then 
centrifuged at 8500 x g for 12 minutes to separate mitochondria. 
The supernatant layer from this centrifugation was used to 
prepare the soluble cofactor, SF. The mitochondria were re- 
suspended in 10 per cent (weight per volume) aqueous sucrose 


solution with a hand homogenizer and recentrifuged at 8500 X q | 


for 12 minutes. 


The supernatant layer and the loosely attached | 


“buffy layer” above the separated mitochondria were discarded. — 
The washed mitochondria were resuspended in either 10 per — 


cent (weight per volume) aqueous sucrose or solutions of the — 
soluble cofactor, SF. 

Soluble cofactor was prepared by boiling the supernatant 
fraction derived from centrifugation of the nuclei-free homoge- | 
nate at 8500 x g. After separation of the denatured protein — 
by either filtration or low speed centrifugation (600 x g), the | 
vellow turbid filtrate or supernatant fluid was added directly to 
the incubations without further manipulation. 

All solutions were prepared with the use of freshly boiled dis- ' 
tilled water or buffer solutions. Solutions of cholesterol were | 
prepared with Tween 20 (Atlas Powder Company). The choles | 
terol and Tween 20 in a 10:1 ratio were dissolved in a minimal 
volume of methanol after which the solution was evaporated in — 
a stream of nitrogen at 40-50° until the methanol was removed. 
The resultant solution of cholesterol in Tween 20 was diluted 
while warm with the appropriate volume of buffer solution. 

Incubations were conducted in 125-ml. Erlenmeyer flasks 
containing large center wells and closed with rubber stoppers. | 
Flasks were shaken in a water bath at 37° for various periods 
up to 18 hours. Penicillin and streptomycin were added row 
tinely to all flasks (at the level of 2000 units of penicillin G and / 
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1 mg. of streptomycin phosphate per flask). Other additions 
oer flask were: 5 ml. of cholesterol-27-C™ emulsion in 0.25 M 
Tris hydrochloride buffer, pH 8.5; ATP, 25 mg.; DPN, 5 mg.; 
nicotinamide (when added), 36 mg.; GSH, 15 mg.; CoA, 250 
mg.; AMP, 8 mg.; magnesium nitrate (hexahydrate), 10 mg.; 
and either 25 mg. of crystalline bovine serum albumin or 22 mg. 
of trisodium citrate dihydrate. The final volume after addition 
of mitochondria was 12 ml. Mitochondria, equivalent to two 
mouse livers or one quarter of a rat liver, were added for each 
incubation. The center wells contained 2.0 ml. of 2.5 N sodium 
hydroxide. 

Trichloroacetic acid (2.5 ml. of a 25 per cent, weight per 
volume, solution) was added at the conclusion of the incubation 
period. The flasks were then shaken for 3 hours on a rotary 
shaker to displace carbon dioxide-C™“ from the medium. The 
contents of the center well were added to 2.5 ml. of 2N ammonium 
chloride and 1 ml. of 1.5 m barium chloride. The resulting 
precipitates of barium carbonate were collected by filtration, 
weighed, and counted directly in a Packard TriCarb liquid scintil- 
lation counter by a modification of the procedure of Funt and 
Hetherington (15) in which “‘Thixcin” (Baker Castor Oil Com- 
pany, New York) was used as the suspending agent. 


RESULTS 


Localization of Cholesterol Oxidase Activity, Requirement for 
Supernatant Factor (SF)—The oxidation of the terminal methyl 
group of the cholesterol side chain to carbon dioxide was found 
to be mediated by washed rat liver mitochondria and to be 
almost entirely inhibited by the microsomal fraction of a whole 
liver homogenate (Table I). The requirement for a thermostable 
cofactor present in the liver supernatant fraction, remaining 
after removal of the mitochondria from nuclei-free liver homoge- 
nates, could be shown by addition of various volumes of a boiled 
supernatant fraction (Table II). Addition of an unboiled liver 
supernatant fraction, from which the microsomes had been 
removed by centrifugation at 100,000 x g for 25 minutes, acti- 
vated the system to a lesser degree than did the boiled liver 
extract. Boiled extracts of rat heart were able to replace this 
liver supernatant requirement. Kidney and brain extracts 
were unable to replace this liver cofactor. It is assumed that 
this cofactor present in rat liver supernatant fraction (and also in 
heart extracts) is identical with the factor (SF) required by 
mouse liver mitochondria prepared from the particle-free soluble 
fraction of mouse liver homogenates (11). Preparations of 
mouse SF were able to activate rat liver mitochondria and vice 
versa (Table III). In addition, extracts of rat heart were found 
to stimulate the oxidase activity of mouse mitochondria. Rat 
heart sarcosomes and rat brain and kidney mitochondria were 
entirely without cholesterol oxidase activity, even upon addition 
of liver SF. 

This requirement of SF for optimal activity was, however, 
considerably diminished if sodium citrate was added to the 
system (see below). It could not be replaced by either TPN- 
or TPNH-generating systems or by tetrahvdrofolic acid, which 
simulates a cofactor required in the hydroxylation of phenyl- 
alanine to form tyrosine (16). Attempts to prepare mitochon- 
dria by homogenizing liver tissue in buffer solutions, simple 
salt solutions, or solutions of sucrose containing 7.3 per cent 
PVP (17, 18) or 0.001 m Versene (the disodium salt of ethylene- 
diaminetetraacetic acid) gave preparations with much less ac- 
tivity than those prepared in 10 per cent aqueous sucrose solu- 
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TABLE I 


Activity of subcellular fractions of rat liver homogenate in oxidizing 
terminal methyl group of cholesterol to carbon diozide and effect 
of addition of boiled liver supernatant fraction (SF) 

All additions are equivalent to homogenate of one quarter of 
one rat liver. Microsomes were obtained by centrifugation at 
100,000 X g for 25 minutes after the removal of mitochondria. 
Nuclei were washed three times to remove mitochondria by cen- 
trifugation at 600 X g from suspension in 10 per cent sucrose solu- 


tion. Incubation continued for 18 hours with all cofactors and 
serum albumin. The substrate was cholesterol-27-C (11,000 
c.p.m.). 
Liver fraction | SF* Ba¥CO; 
c.p.m. 

Whole homogenate 

Nuclei removed................... — 28 

Nuclei removed................... + 35 
Unwashed mitochondria............. — 197 
Unwashed mitochondria............. + 173 
Washed mitochondria................ — 336 
Washed mitochondria................ + 457 
(Unboiled) supernatant after removal 

of 16 
(Unboiled) supernatant after removal 

Washed mitochondria and microsomes - 32 
Washed mitochondria and microsomes -- 46 


* Plus and minus signs refer to addition or omission of SF. 


TaB_LeE II 
Requirement for cofactor from boiled supernatant fraction, SF 


All incubations contained serum albumin. Duration, 16 hours; 


substrate, cholesterol-27-C'* (15,500 e.p.m.). 


Additions | 
c.p.m. % 
Experiment 1 
Mitochondria + 1 ml. boiled supernatant.....; 572 110 
Mitochondria + 3 ml. boiled supernatant. .... 842 210 
Mitochondria + 5 ml. boiled supernatant. ....| 1249 360 
Mitochondria + 5 ml. unboiled supernatant...; 618 130 
Experiment 2 
Mitochondria + 3 ml. boiled supernatant.....| 999 
Mitochondria + 0.5 mg. tetrahydrofolie acid..| 297 


tion (Tables IV and V). It is of interest, however, that the 
activity of boiled supernatant fractions obtained after homoge- 
nizing liver in sucrose-PVP or sucrose-Versene was greater than 
that of the supernatant fraction obtained from a sucrose homoge- 
nate and could not be attributed simply to the presence of PVP 
or Versene. The results of these experiments, given in Tables 
IV and V, also indicate that the requirement for SF may on 
occasions be very low, particularly when sodium citrate is present 
initially in the incubation medium. The “buffy layer,’ which 
is regularly found layered above sucrose-washed mitochondria 
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TaB_eE III 
Location of cholesterol oxidase activity and SF by tissues 


Mitochondria of kidney, liver, and brain prepared in sucrose. 
Sarcosomes (from rat heart) prepared in sucrose containing 0.0004 
mM Versene. Additions of supernatant fraction are not equivalent 
in respect to quantities of tissue. All incubations were conducted 
in the presence of sodium citrate. Duration, 18 hours; substrate, 
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TABLE V 


Activity of washed mitochondria and “buffy layer’’ prepared in 
sucrose and activity of washed mitochondria and SF prepared 
in sucrose-Versene 


Sucrose-Versene solution contained 0.001 m disodium salt of | 


ethylenediamine tetraacetic acid (Versene). 
contained sodium citrate; duration of incubation, 16 hours; sub. 


Incubation mixtures 


cholesterol-27-C™ (26,000 c.p.m.). See text. strate, cholesterol-27-C"' (25,700 c.p.m.). 
Source of mitochondria | 5°urce of SF pr added Addition Ba'CO; 
c.p.m. c. p.m, 
Rat kidney 13 Sucrose-Versene | Sucrose-Versene 234 
Rat liver 13 Sucrose-Versene | Sucrose 234 
Rat kidney 4 Sucrose-Versene 282 
Rat heart 5 Sucrose Sucrose 606 
Rat liver 9 Sucrose Sucrose-Versene 983 
Rat heart 14 Sucrose S02 
Rat brain 4 Sucrose Sucrose Versene* 576 
Rat liver 10 Sucrose Sucrose “Buffy layer’’ 494 
Rat brain 6 “Buffy layer” 143 
Rat liver 49 Sucrose “Buffy layer”’ 71 
Rat heart 549 
Rat kidney 29 * Versene equivalent to 5 ml. of 0.001 mM solution was added. 
Rat brain 45 
Rat liver 1035 
Mouse liver 870 TaBLE VI 
Mouse liver 623 Activity of system in presence of various metal-binding agents 
Rat liver 2668 Additions: serum albumin, 25 mg.; Versene, final concentration 
Mouse liver 938 0.0016 mM; Ke»HPO,, citrate, oxalate, tartrate, or pyrophosphate, 
Rat heart 870 final concentration, 0.006 mM; dipyridyl and o-phenanthroline, 1 
mg. Duration of experiments was 18, 16, and 15 hours, respec- 
tively. The substrate was cholesterol-27-C" at levels of 17,100, © 
23,700, and 31,200 c.p.m. in Experiments 1, 2, and 3, respectively. — 
TABLE IV Additions SF Ba'\CO; 
Activity of washed mitochondria and SF prepared in various media 
Media: 0.1 Tris-hydrochloride, pH 8.6; 1.15 per cent 
(weight per volume) KCI; 10 per cent (weight per volume) sucrose Experiment 1 
alone or containing 7.3 per cent (weight per volume) PVP with None.................2 22-2 ees ae 202 
pH adjusted to 7.4 with Tris. Mitochondria were washed and ROMO... + =e 
resuspended in the same medium as that in which the liver had Serum albumin 
been originally homogenized. All incubations contained sodium Serum atbumin............... + 602 
citrate. Time, 14 hours; substrate, cholesterol-27-C% (32,600 108 
Mitochondria prepared in | SF preparation added (5 ml.) Ba'CO; + 366 
Sodium Citrate............... 381 
C.p.m. Sodium Citrate............... +- 943 
Tris-HCl Tris-HCl 121 Experiment 2 
Tris-HCl 47 Sodium pyrophosphate...... 4- 898 
KCl KCl 142 Sodium oxalate............... +4. 1498 
KCl Sucrose 107 Sodium tartrate............. + 1173 
Sucrose-PVP Sucrose-PVP 2000 o-phenanthroline.............. 4. 1027 
Sucrose-PVP Sucrose 1339 Experiment 3 
Sucrose Sucrose 2064 Serum albumin............... + 2780 
Sucrose Tris-HCl 2014 —— 
Sucrose KCl 1880 
r 
preparations (7), partially inhibited the activity of the washed 
1740 mitochondria, possibly because of contamination with lysosomes 
which are known to be rich in phosphatases and other hydrolytic | 


* PVP was added to 5 ml. of sucrose-prepared SF to give a 7.3 
per cent (weight per volume) concentration. 


enzymes (19). This “buffy layer’ possessed little oxidative 


activity (Table V) and was always removed together with the | 
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TaBLE VII 
Effect of various buffers on cholesterol ozidase activity at pH 8.5 


All buffers were of 0.1 m final concentration. Duration of 
incubation, 15 hours. Percentage of oxidation computed as 
Ba'CO;:cholesterol-27-C!* taken. SF added to all incubations. 
Time, 14 hours. 


Buffer Addition rd 

% 
None 0.1 

Barbital-Nat Serum albumin 0.1 
Sodium citrate 0.1 

None 0.3 

Borate-K* Serum albumin 1.9 
Sodium citrate 0.9 

None 0.1 

Glycine-Nat Serum albumin 0.1 
Sodium citrate 1.5 

None 2.5 

Tris-nitrate Serum albumin 2.7 
Sodium citrate 4.0 

None 2.8 

Tris-hydrochloride Serum albumin 3.5 
Serum citrate 5.2 


underlying reddish brown layer (possibly lysosomes) before 
resuspension of the washed mitochondria. 

Activation of System—In the absence of either added serum 
albumin or sodium citrate, the system exhibited variable and 
often quite negligible activity. The results of some typical 
experiments are given in Table VI. Experiment 3 illustrates 
the sometimes dramatic effect of adding the serum albumin. 
Neither Versene nor phosphate ions could adequately replace 
serum albumin or citrate as activators. Other potential metal 
complexing agents (oxalates, tartrates) were much less active 
than sodium citrate in stimulating cholesterol oxidation. Addi- 
tion of other intermediates or precursors of the tricarboxylic 
acid cycle (pyruvate, acetoacetate, oxaloacetate, aspartate, 
a-oxoglutarate, glutamate, fumarate) likewise stimulated the 
oxidase activity, but to a lesser degree than did equivalent 
amounts of citrate. Other proteins and protective colloids 
tested (PVP, dextrans, pepsin, egg albumin, §-lactoglobulin, 
y-globulin, serum glycoproteins) were less effective activators 
than serum albumin. 

pH Optimum—In agreement with the results obtained with 
the C3H mouse liver system (10, 11), the cholesterol oxidase 
activity of rat liver mitochondria was found to have a pH opti- 
mum in the vicinity of 8.5. However, the activity even at this 
pH was markedly dependent upon the nature of the buffer used 
(Table VIT). 

Cofactor Requirements—In addition to the unknown cofactor(s) 
in boiled supernatant preparations of liver and heart, GSH, 
ATP, and DPN were obligatory cofactors for the oxidase system. 
Magnesium ions were also essential for activity. The activity 
of the system was dependent not only upon the nature of the 
magnesium salts added but also upon their concentration (Table 
VIII). The addition of nicotinamide was found consistently 
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TABLE VIII 
Cofactor requirements 
Complete system contained washed mitochondria, SF, GSH, 
AMP, nicotinamide, citrate, and MgCl. (.003 m). Mg(NQs)2 
replaced MgCl. in the complete system. Time, 15 hours; sub- 
strate, cholesterol-27-C'* (17,200 c.p.m.). 


Ba“CO; 


c.p.m. 


Complete system without GSH................ 64 


Complete system without AMP................ 640 
Complete system without nicotinamide........ 1144 
Complete system without Mg**................ 386 
Complete system with CoA.................... 724 
Complete system with Mg(NO3)2 (.003 m)...... 1016 
Complete system with Mg(NO3)2 (.008 m)...... 525 
Complete system with extra MgCl. (.008 Mm)... 180 


TABLE IX 
Inhibition of cholesterol oxidase activity 


Serum albumin present in all incubations. Concentrations are 
final values after addition to whole incubation mixture. Dura- 
tion of incubation, 14 hours; substrate, cholesterol-27-C™ (24,000 
¢.p.m.). 


Addition Ba"CO; 

C.p.m. 

Na fluoroacetate (.008 M).................. 260 
Na fluorocitrate (.002 M).................. 880 
Cocaine hydrochloride (0.004 M)........... 120 
pi-lipoic acid. (10~* 740 


to depress the activity of the system, by contrast with previous 
reports (10, 11) that this was a necessary additive for cholesterol 
oxidation by the C3H mouse liver system. For optimal activity, 
adenylic acid was required. There was no consistent activation 
of the system by addition of coenzyme A, which was often ob- 
served to be actually an inhibitor. 

Inhibition of Cholesterol Oxidase Activity—A large number of 
reagents was found to inhibit the oxidation of the terminal car- 
bon atoms of cholesterol. Calcium ions in particular were 
strongly inhibitory. The presence of alcohols other than metha- 
nol and addition of mineral salts depressed the activity of the 
system. Inhibitors of pyruvate oxidation (oxythiamine, pyri- 
thiamine, p1-lipoic acid, cocaine, and calcium ions) and of the 
tricarboxylic acid cycle (fluoroacetamide, fluoroacetate, fluoro- 
citrate, malonate, and azide) also depressed cholesterol oxidation 
(Table IX). 

Other reagents which partially inhibited the system were 
ascorbic acid, estradiol, manganous ions, fatty acids (obtained 
by saponification of lard), phospholipides (freshly extracted 
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TABLE X 
Effect of vanadates, TPN, and TPNH generators 
Serum albumin present in all incubations. Other additions: 
1.5 mg. of TPN, 45 mg. of glucose 6-phosphate, 3.5 mg. of glucose- 
6-P dehydrogenase, 32 mg. of trisodium isocitrate. Time, 15 
hours in both experiments; substrate, cholesterol-27-C!*, 14,600 
and 27,100 c.p.m., respectively. 


Addition 
c.p.m. 
Experiment 1 
Sodium metavanadate (.0002 M)......... 344 
Sodium metavanadate (.00005mM)......... 365 
Experiment 2 
1990 
TPN + glucose-6-P and glucose-6-P de- 


from rat brain), biotin, and pyridoxal phosphate or pyridoxamine 
phosphate. 

Effect of Vanadates, TPN, and TPNH—Administration of 
sodium metavanadate has been reported to restrict the elevation 
of the plasma cholesterol in rabbits by both inhibiting the bio- 
synthesis and accelerating the catabolism of cholesterol (20). 
However, we could find no effect of vanadates in vitro on the 
oxidation of cholesterol. Addition of TPN- and TPNH-generat- 
ing systems was entirely without effect on the catabolism of 
cholesterol (Table X). 


DISCUSSION 


The previous findings that C3H mouse liver mitochondria 
were capable of oxidizing the cholesterol side chain to carbon 
dioxide in vitro (10, 11) have now been amply confirmed and 
extended not only to other strains of mice (ZBC and dba) but 
to rat liver tissues. Activities corresponding to conversion of 
more than 10 per cent of the terminal methyl groups to carbon 
dioxide in vitro, were consistently obtained, when precautions 
were taken to remove microsomes and calcium ions and to avoid 
the use of alcohols other than methanol (or propylene glycol) 
in the preparation of a cholesterol emulsion. The washed mito- 
chondria exhibited a somewhat variable requirement for a 
factor present in the soluble fraction of liver or heart muscle 
homogenates. The quite variable activation obtained upon 
addition of this factor to different preparations of mitochondria 
may possibly indicate that the factor is originally extracted from 
the mitochondrion to a different degree in different preparations 
of mitochondria, or is present in variable amounts in the liver 
according to nutritional, hormonal, or other variable influences. 

The marked stimulation of the system by the addition of 
either serum albumin or sodium citrate is reminiscent of the 
successful maintenance of oxidative phosphorylation in aged 
mitochondria upon addition of albumin or Versene (21-25). The 
efficacy of the albumin in this respect is very probably attribut- 
able in part to the content of citrate, present even in prepara- 
tions of serum albumin that have been crystallized twice. Both 
citrate and Versene are efficient binders of calcium ions which 
are inhibitory, not only to the oxidation of the cholesterol side 
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chain by liver mitochondria but also to the oxidation of pyruv- 
vate by preparations of liver and kidney mitochondria and heart 
sarcosomes (25).2 The requirement of the system for fairly 
high levels of ATP may perhaps be partially explicable in terms 
of a calcium-binding function of the pyrophosphate groups. 

Carbon dioxide production from the terminal methyl] groups 
of the cholesterol side chain was considerably depressed by 
reagents known to inhibit the normal functioning of the tricar- 
boxylic acid cycle (azide, cocaine, calcium ions, malonate, 
fluoroacetate, and so on). This would suggest that the carbon 
dioxide derived ultimately from Cys and C27 of cholesterol is 
actually produced through the oxidation of some _ precursor 
of the cycle (e.g. pyruvate, acetyl CoA, acetoacetate) formed 
from the terminal isopropyl group of the cholesterol side chain. 
One function of the added citrate, required for optimal activity 
of the system, may therefore be to “‘prime”’ the cycle and ensure 
the efficient oxidation of this precursor. 


Since the cholesterol oxidase activity was restricted solely to | 


the liver among the several tissues studied, it would seem reason- 
able to suppose that this activity is actually related to the for- 
mation of bile acids, which are known to be products of choles- 
terol catabolism in the liver in vivo. Fredrickson (26, 27) has 
shown that cholesterol may undergo oxidative transformation 


to products other than bile acids in mouse liver preparations. — 
It is possible, however, that these transformations may be of | 


relatively minor importance, quantitatively, in the over-all 


catabolism of cholesterol by liver tissue. 


The failure to observe any requirement for either reduced | 


or oxidized TPN deserves some comment. A requirement for 
TPN might be expected if the observed oxidation of the choles- 
terol is a consequence of or is accompanied by hydroxylation of 
the steroid nucleus, as would be required in the over-all conver- 
sion of cholesterol to cholic or deoxycholic acids. It has now 
been shown that a number of steroid hydroxylases and related 
enzymes involved in hydroxylation of aromatic nuclei utilize 
molecular oxygen and require TPNH (28, 29). The apparent 
nonrequirement of the cholesterol oxidase system for either 
TPN or TPNH may possibly be explained by the observation of 


Glock and McLean (30) that within the rat liver mitochondria — 


is contained 50 per cent of the total TPN of the liver cell. 
ever, the present findings do not discount the possibility that 


How- | 


the oxidation of the side chain observed here is unaccompanied 


by further hydroxylation of the nucleus and thus represents 
predominantly a pathway of lithocholic acid formation. 


SUMMARY 


Rat liver mitochondria are able to oxidize the terminal methy! | 


groups of the cholesterol side chain to carbon dioxide in the 
presence of a soluble cofactor prepared from either liver tissue 
or heart muscle. Glutathione, adenosine 5-monophosphate, 
adenosine 5’-triphosphate, diphosphopyridine nucleotide, mag- 


nesium ions, and sodium citrate must be added for optimal — 


activity. Evidence is presented that this oxidation requires 
the functioning of the tricarboxylic acid cycle. 


Acknowledgments—We are much indebted to Dr. W. 8. Lynn, | 
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studies on the oxidation of cholesterol by C3H mouse livers. 
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Isolation of H’®-Cortisol from the Urine of 


Guinea Pigs Fed H’-Cholesterol* 
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It has been shown that the isolated, perfused adrenal gland, 
as well as homogenates and mitochondrial fractions of this gland, 
can convert cholesterol to the physiologically active steroids, cor- 
tisol and corticosterone (1-3). Little has been done, however, to 
establish such a conversion in the intact animal. Werbin et al. 
(4) isolated three characteristic radioactive metabolites of cor- 
tisol: 3a,118,17a,21-tetrahydroxy-20-ketopregnane; 3a,17a,- 
21-trihydroxy-11,20-diketopregnane; and 3a-hydroxy-11,17- 
diketoetiocholane. These were extracted from the urine of a 
man who had received intravenously a mixture of C'- and 
tritium-labeled cholesterols. By comparing the values for the 
ratio of H®? to C'! in the administered cholesterol and in the 
isolated urinary steroids, these workers concluded that the 
tetracyclic nucleus was used intact in the conversion of cholesterol 
to the urinary steroids. These findings left unanswered the 
question of whether or not the complete synthesis of a naturally 
occurring, physiologically active adrenal steroid from cholesterol 
is carried out in the intact animal. We have used the guinea 
pig to study this point because Burstein and Dorfman (5) have 
shown that this animal eliminates, in the urine, as much as 
50 ug. of cortisol daily. 


EXPERIMENTAL 


Tritiated Cholesterol—The H*-cholesterol was a gift from Dr. 
George V. LeRoy. It was prepared by platinum oxide catalytic 
exchange (6), and labile tritium was removed by refluxing the 
sterol with alcoholic KOH (4). The labeled cholesterol was 
purified by precipitation with digitonin in the usual manner. 
It melted at 148-149° and had a specific activity of 10.6 we. 
permg. Its radiopurity was established in the following manner. 
The labeled cholesterol was mixed with “cold” cholesterol, 
thereby reducing its specific activity to 5.47 X 10° c.p.m. per 
mmole. It was converted to cholesteryl chloride by a method 
previously described (4), and the specific activity of this deriva- 
tive was 5.35 10° c¢.p.m. per mmole. 

Distribution of H*® in Side Chain and in Tetracyclic Rings of 
Labeled Cholesterol—The extent to which the nucleus of the 
cholesterol was labeled was determined as follows: The cho- 
lestery! chloride was pyrolyzed as described by Bloch and Ritten- 
berg (7). In this procedure the side chain is converted to a 
mixture of isooctane and isooctene, and the tetracyclic rings 
are converted to a CisHg hydrocarbon (8). The H? contents 
of the cholesterol and of its degradation products were deter- 
mined exactly as described below for cortisol acetate. The 
specific activities of the cholesterol, its chloride, and its two 
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degradation products are shown in Table I. 
it can be calculated that the tetracyclic nucleus of cholesterol 


contained (3.25 x 107)/(5.35 x 105) or 60.8 per cent of the total ' 


From these values | 


H?, whereas the side chain contained (1.95 107)/(5.35 105) 


or 36.5 per cent of the H’. 
Preparation of H®-Cholesterol-Containing Diet—To 400 gm. 


of powdered Rockland guinea pig pellets (vitamin C-fortified) | 
were added 120 mg. of the H*-cholesterol dissolved in ethyl 


ether. The mixture was heated at 35°, with stirring, until the 


odor of ether was no longer detected. This radioactive powder | 
was thoroughly mixed with another 2 kg. of the powdered diet, 


and the entire mixture was caked by addition of water. 
cake was passed through a meat grinder, and the long strands 
obtained were cut and allowed to dry at room temperature for | 
several days. The resulting pellets did not crumble and were 
readily accepted by the guinea pigs. Several of these pellets 
were extracted with ether and shown to contain the same con- 


centration of 


Urine Collections—The guinea pigs were kept in individual 
metabolism cages designed for urine collection and were fed the 
radioactive diet for 8 hours each day (from 8:00 a.m. to 4:00. 
p.m.) for 5 days. Water was available at all times. Urine was 
collected only between the hours of 5:00 p.m. and 8:00 a.m. It 
was shown by Burstein and Dorfman (5) that this procedure 
minimizes the contamination of the collected urine. The twelve 
guinea pigs consumed a total of 1350 gm. of labeled diet, which | 
contained about 0.72 me. of H*, during the 5 days of study. | 

Isolation of H*-Cortisol from Urine—Two pooled urine samples © 
were analyzed. The first (1) contained the urine excreted by | 
the twelve guinea pigs during the hours specified for the first 2 , 
days; the second sample (II) contained the output for days 3, 4 | 
and 5. 

Cortisol was extracted from the urine by the procedure of | 
Burstein and Dorfman (5). Descending chromatography of 
the urinary extracts was carried out on 15 em. wide sheets of | 
Whatman No. 1 paper. Adjacent 1-cm. strips were used for | 
the cortisol standard. Solvent troughs of 75-ml. capacity were | 
employed for all chromatographic procedures. The steroids — 
were eluted from the paper by using a modified Haines device | 
in a 12 X 18-inch closed cylindrical jar (9). The term “mixed 
chromatography” refers to chromatography on three adjoining, — 
l-cm. paper strips on which were placed the standard, the urinary 
steroid, and a mixture of the two. Partial identification was 


— 


assumed if all three traveled with the same mobility. 

Tritium Assay—A Packard model 314 TriCarb liquid seintilla- | 
tion spectrometer was used for counting the tritium samples. 
The cortisol acetate was dissolved in 15 ml. of warm toluene 
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containing 30 mg. of 2,5-diphenyloxazole (the scintillator). 
Cortisol was counted by dissolving it in 0.5 ml. of purified 
dioxane (10) to which were added 14.5 ml. of toluene containing 
the scintillator. The dioxane had a negligible effect on the 
counting efficiency. 

Corticoid Assay—After the H* contents of the free steroid and 
of its acetate derivative were determined, the solvent was distilled 
off at 50° in a vacuum, and the actual amounts of these com- 
pounds were measured by the “blue tetrazolium” procedure of 
Nowaczynski et al. (9). The presence of 0.5 mg. of the scintil- 
lator did not interfere with this determination. 

Simultaneous Removal of Scintillator and Purification of 
Cortisol Acetate—The paper chromatography employed to remove 
the scintillator from the H*-cortisol acetate served as an addi- 
tional means of purifying the sample. Thus, after each count, 
and assay, the scintillator was removed from the acetate by 
chromatography in the system toluene-propylene glycol for 18 
hours. 

Hydrolysis of H°%-Cortisol Acetate to H*-Cortisol—This was 
accomplished with aqueous methanolic KHCO;. The H’- 
cortisol after ether extraction was purified by paper chromatog- 
raphy in the system benzene-50 per cent aqueous methanol 
for 20 hours. 


RESULTS 


When crude, neutral, urinary steroid extracts were chromato- 
graphed in the chloroform-formamide system, three ultraviolet 
(UV)-absorbing and blue tetrazolium-positive areas were ob- 
served on the paper (Fig. 14). Zone II was eluted and re- 
chromatographed in benzene-50 per cent aqueous methanol for 
18 hours (Fig. 1B). The number of steroids shown in Figs. 
1A and B and their UV-absorbing and blue tetrazolium-reacting 
properties are similar to those found by Péron and Dorfman 
(Fig. 1 in (11)). These workers did find, however, an additional 
UV-absorbing and blue tetrazolium-positive zone that was not 
observed here. 

The steroid of Zone IId, after elution and rechromatography 
ina benzene-50 per cent aqueous methanol system, had the same 
mobility as cortisol and did not separate from authentic cortisol 
on a mixed chromatogram.! Zone IId of urine sample | con- 
tained 860 ug. of cortisol; that of sample II contained 1600 ug. 
From these data it was calculated that adult male guinea pigs 
treated as described above excrete daily, in the urine, from 57 
to 70 wg. of cortisol, values that are in good agreement with that 
of at least 50 ug. reported by Burstein and Dorfman (5). 

The steroids of Zone IJd of urine samples I and II were 
converted to the acetate derivative in the usual manner. Ali- 
quots of these acetate derivatives did not separate from authentic 
cortisol acetate when they were studied by the procedure of 
mixed chromatography in the system toluene-propylene glycol. 
At this point the identification of Zone IJd as cortisol was 
considered adequate for further study of its radiochemical 
purity. The acetate derivatives of urine samples I and II were 
subjected to repeated paper chromatography in the system 
toluene-propylene glycol. After each chromatographic separa- 
tion the acetate was counted and assayed (Table II). The 
average of the last three specific activity values for cortisol 


1In a preliminary, nonradioactive study of male guinea pig 
urine, this fraction, after oxidation with sodium bismuthate, 


- gave 11 B-hydroxy-androst-4-ene-3,17-dione which was identified 


by paper chromatographic comparison against authentic material. 
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TaBLeE I 


Specific activities of cholesterol, its chloride derivative, and its 
degradation products 


Weight of 
Compound sample emai Specific activity 
mg. C.p.m. c.p.m./mmole 105 
Cholesterol. ............. 8.0 11,330 5.47 
Cholesteryl chloride...... 19.9 26, 295 5.35 
CigHao hydrocarbon...... 11.9 14,980 3.25 
Mixture of isooctane and 
isooctene............... 63.2 108 , 060 1,95 
A 
Zone _— UV. BT. Zone B UV BT. 
- 
m +S + Id 
re 


\Yellow Pigment 


Fic. 1. Resolution of crude neutral urine extract into ultra- 
violet-absorbing and blue tetrazolium-reacting areas. A. The 
pattern after chloroform-formamide for 17 hours. B. Resolution 
of Zone II after benzene-50 per cent aqueous methanol for 18 
hours. U.V. = ultraviolet; B.T. = blue tetrazolium. 


TABLE II 


Attainment of radiochemical purity, after repetitive chromatography, 
of H*%-cortisol acetate isolated from urine of guinea pigs 
fed H*%-cholesterol 


Blue 
Urine sample — 
me d.p.m. /mg. 
I | 
Cortisol acetate.............. 0.7 | 1,330 1,705 
0.48 1,580 3,290 
0.40 1,260 3,160 
0.35 1,220 3,470 
II | 
Cortisol acetate.............. 1.62 | 19,600 12,100 
2.80 _ 7,440 2,660 
2.16 8,830 4,090 
Ila 
Cortisol acetate.............. 0.91 5,310 5,840 
0.83 5,110 6, 160 
IIb 
Cortisol acetate.............. 0.92 5,250 5,720 
0.69 4,270 6,190 


* Blue tetrazolium procedure (9). 
yj After 2 hours in concentrated sulfuric acid the ultraviolet 
Maxima were at 237, 285, 393, and 473 my (12). 


acetate of urine sample I was 3310 d.p.m. per mg. After - 
hydrolysis to cortisol, the specific activity was 3500 d.p.m. per 
mg. 

After the initial determination of the specific activity of the 
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cortisol acetate of urine sample II, 3.0 mg. of authentic cortisol 
acetate were added as carrier. After two chromatographic 
separations, the activity of the acetate was 2660 d.p.m. per mg. 
after the first, and 4090 d.p.m. per mg. after the second (Table 
II). To eliminate the possible insolubility of cortisol acetate 
in toluene as a reason for this discrepancy in the specific activity 
values, the sample was divided into two equal parts, a and b, 
and each was counted separately after chromatography. Since 
samples Ila and IIb had approximately the same specific activity 
(the average of the four counts was 5970 d.p.m. per mg., Table 
Il), they were combined, freed of scintillator, and hydrolyzed 
to free cortisol. The specific activity of the latter was 6280 
d.p.m. per mg. 


DISCUSSION 


Various experimental data are presented here to show that 
Zone IId in Fig. 1, first isolated chromatographically in the 
system benzene-50 per cent aqueous methanol, contained cortisol. 
It was UV- and blue tetrazolium-positive and during chromatog- 
raphy did not separate from authentic cortisol. Its oxidation 
yielded a product reacting in the Zimmerman test and possessing 
the same mobility as that of 118-hydroxy-androst-4-ene-3 , 17- 
dione. Its acetate derivative did not separate from authentic 
cortisol acetate during chromatography in a toluene-propylene 
glycol system, and upon hydrolysis this acetate derivative 
vielded a UV- and blue tetrazolium-reacting compound, the 
mobility of which was identical with that of cortisol. After 2 
hours in concentrated sulfuric acid, the ultraviolet spectrum 
was identical with that given by authentic cortisol. These 
experimental observations taken in conjunction with the attain- 
ment of constant specific activities after two chromatographic 
separations in the case of urine sample I, and after three such 
separations in the case of urine sample II, provide strong evidence 
for the view that the tritium counts recovered in cortisol samples 
isolated from the urine of the guinea pigs fed H*-cholesterol were 
actually associated with the molecular structure of the cortisol 
and were not the result of radioactive contaminants. 

The labeled cholesterol used in this study contained tritium 
in both the side chain and in the tetracyclic nucleus, but evidence 
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presented elsewhere (4) leads us to believe that the H? of the 
side chain could not have contributed to the H*® recovered in the 
cortisol isolated from the urine of the guinea pigs fed this labeled 
cholesterol. Thus, as already pointed out, the value for the 
ratio of H® to C™ found in adrenal steroid metabolites isolated 
from the urine of a man who had received a mixture of C™% 
labeled and H*-labeled cholesterol was consistent with the idea 
that the tetracyclic rings of the labeled cholesterol had been 
used in the synthesis of these adrenal steroid metabolites, 
Furthermore, the finding of a constant value for the ratio H*:C¥ 
in plasma cholesterol of this man for as long as 10 days indicates 
that measurable amounts of H’ released in the catabolism of the 
side chain had not been reincorporated into plasma cholesterol. 
A similar constancy in the values for the H*:C™ ratio of serum 
cholesterol during a 10-day period was reported earlier by Biggs 
and Kritchevsky (13) in a hypercholesterolemic rabbit that had 
been fed a mixture of H*-labeled and C!*-labeled cholesterol. 
It therefore seems reasonable to infer that the isotopic cortisol 
recovered from the urine of our guinea pigs was derived from the 
intact rings of the fed labeled cholesterol. 


SUMMARY 


1. Radioactive cortisol was recovered from the urine of guinea 


pigs that had been fed, for 5 days, cholesterol labeled with | 
tritium in both the tetracyclic nucleus (61 per cent) and in the | 
The cortisol was identified by its chromatographic _ 


side chain. 


behavior, by its ultraviolet absorption and blue tetrazolium | 


reaction, and by characterization of its derivatives. 


Radio- 


chemical purity of the urinary cortisol was established by the | 


attainment of constant specific activities of this compound as © 


the acetate derivative after repeated chromatographic separa- 


tions. 
2. Evidence is cited in support of the view that the H*-cortisol 


isolated from the urine was derived from conversion of the | 


intact rings of the fed tritiated cholesterol. 
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In previous papers from these laboratories (1, 2) methods for 
the purification of the collagenase of Clostridium histolyticum 
were presented, and a calcium ion requirement for the binding 
of the enzyme to collagen and for the overall enzymatic action 
was reported. In the present communication an additional 
method of purification, which makes possible the large-scale 
preparation of the enzyme, is described. The sedimentation 
and diffusion constants and molecular weight of the purified 
enzyme are also reported. The nature of the end products 
resulting from the action of collagenase on the citrate-extractable 
collagens of carp swim bladder and calfskin, as well as on the 
gelatins derived from these, is considered. We shall also de- 
scribe the action of the enzyme on collagen in the presence of 
its derived gelatin; the failure of the enzyme to act on a number 
of synthetic peptides, amino acid polymers, and esters; and 
the inhibition of purified collagenase by sulfhydryl-containing 
substances and by certain metal-sequestering agents. 


MATERIALS AND METHODS 


Crude Enzyme—The particular strain of Clostridium histolyti- 
cum used in these studies was obtained through the generosity 
of Dr. Ines Mandl of the College of Physicians and Surgeons, 
Columbia University. After the organism was plated on an- 
aerobic agar, individual colonies were selected for culture in 
the medium suggested by MacLennan, Mandl, and Howes (3). 
There was some variation in the amount of enzyme produced 
by subcultures of different colonies, and one was selected which 
vielded the highest amount of collagenase and relatively little 
nonspecific proteinase activity. Batches of 10 liters or more 
of medium were inoculated with this organism, and after a 
period of growth of approximately 40 hours, the culture was 
passed through a bacteriological filter. To each liter of filtrate 
was then added 400 gm. of ammonium sulfate, and the mixture 
allowed to stand overnight at about 5°. The precipitated pro- 
tein, which had risen to the surface, was scooped off, dissolved 
in distilled water, and the solution dialyzed for 24 hours against 
cold running tap water. The dark brown solution was lyo- 
philized. 

The use of proteose peptone (Difco) in the recommended cul- 
ture medium has been found to be essential for the maximal 
vield of collagenase. 


* This investigation has been supported in part by a grant from 
the National Science Foundation (G-4348), by a grant from the 
National Institutes of Health, United States Public Health 
Service (No. A-1503), and by a grant from the American Heart 
Association. 
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Collagen and Gelatin—Ichthyocol was prepared from carp 
swim bladders by extraction with acidic citrate buffer followed 
by reconstitution by dialysis against a dilute solution of disodium 
phosphate (4). Soluble collagen was prepared from calfskin 
by a similar method, and was found to dissolve in either 1 m 
or 05 ™ calcium chloride solution buffered at pH 7.0 as described 
previously for ichthyocol (5). It was observed that the calf 
collagen was soluble in 0.5 m calcium chloride with greater dif- 
ficulty than the fish protein, and frequently the higher concen- 
tration of salt was used to obtain more rapid solution. 

The gelatins corresponding to these collagens were prepared 
by heating solutions of the latter in a 50° water bath for 15 to 20 
minutes. 

-lssay \ethods—In most instances the activity of the enzyme 
was determined with ichthyocol as the substrate using the visco- 
metric assay described in an earlier publication (1). However, 
the activity of collagenase on collagen or gelatin was also deter- 
mined by measuring the liberated amino groups with the use 
of the ninhydrin procedure of Rosen (6). In certain other 
instances concentrated solutions of gelatin were used as sub- 
strate, and the end point of collagenase activity was taken as 
the point at which such a solution failed to form a gel in the cold. 

Other Chemical \Methods—Protein concentrations were deter- 
mined by the method of Lowry and his coworkers (7) or by a 
n&cro-Kjeldahl procedure (8). The formol titration was 
carried out as described by Sérensen (9), and the acetone and 
ethanol titrations were performed according to the procedures 
respectively of Linderstrém-Lang (10) and Grassmann and Heyde 
(11). 

Synthetic Compounds Used as Possible Substrates—-Most of the 
compounds used in these studies were obtained commercially. 
The authors are indebted, however, to Dr. Harry Goldenberg 
of Hillside Hospital, Glen Oaks, New York, for samples of the 
esters which were employed, and to Dr. Elkan Blout of the 
Polaroid Corporation, Cambridge. Massachusetts, for the 
sample of polyproline. 


PURIFICATION OF ENZYME 


The previous methods for the purification of collagenase 
reported from these laboratories (1) did not permit the prep- 
aration of sufficiently large quantities of enzyme at one time. 
The following method, described for a single gram of crude 
enzyme, was found applicable for purification on a larger scale. 

A 2 per cent solution of crude collagenase was made by dis- 
solving 1 gm. of the lyophilized powder in 50 ml. of distilled 
water. Ammonium sulfate, saturated at room temperature 
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(4.0 mM) and neutralized to pH 7.5 with ammonium hydroxide, 
was added to give a final concentration of 40 per cent satura- 
tion. The resulting precipitate was removed by centrifugation 
at room temperature and discarded. The supernatant fluid was 
brought to 60 per cent saturation with respect to ammonium 
sulfate by a further addition of the saturated solution described 
above. The resulting suspension was centrifuged, the sedi- 
mented protein dissolved in 50 ml. of water and dialyzed over- 
night at 5° against distilled water. The volume of dialyzed 
solution was 63 ml., and the protein concentration was 5.5 
mg. per ml. One-twentieth of the volume of 0.1 mM sodium ace- 
tate buffer of pH 5.3 was added at room temperature, followed 
by addition of a quantity of alumina Cy gel (Sigma Chemical 
Company, Lot 46-295) equal to the weight of protein in solu- 
tion. The mixture was kept at room temperature for 0.5 
hour with stirring. The alumina was centrifuged, and washed 
3 times with 20-ml. portions of distilled water; 162 mg. of pro- 
tein remained with the alumina after this procedure. No 
enzymatic activity was found in the dialyzed supernatant fluid 
or Washings. The alumina was then treated successively with 3 
portions, 11 ml. each, of 0.02 mM sodium phosphate buffer of pH 
7.5, the first elution being carried out at room temperature with 
stirring for 0.5 hour, and the subsequent elutions for 15 minutes. 
The combined eluates contained 57 mg. of proteins, practically 
all of the contaminating pigment, and no collagenase activity; 
accordingly, these were discarded. The alumina was then fur- 
ther eluted overnight at 5° with 11 ml. of 0.2 m sodium phos- 
phate buffer of pH 7.5, with continuous stirring. After centrif- 
ugation, the alumina was eluted by mixing with an 11-ml. 
portion of the 0.2 Mm phosphate buffer for 15 minutes at room 
temperature, and the procedure was repeated once. The 
supernatant fluid obtained in each case was dialyzed at 5° 
against distilled water and lyophilized. However, the largest 
portion of the enzyme was found to be in the first eluate ob- 
tained with 0.2 mM phosphate. 

The crude enzyme contained 18,000 units per gram of protein. 
The final preparation, consisting of 45.4 mg. with 130 units 
per mg. of protein, contained a total of 5900 units or approxi- 
mately 33 per cent of the initial activity. The product contained 
only a trace of pigment as compared with the deep brown, 
almost black, color of the crude material. 

The preparation was enzymatically inactive with casein as 
substrate in the presence or absence of cysteine. Further evi- 
dence concerning homogeneity of the enzyme, as determined by 
substrate specificity, is considered in a separate section of this 
communication. 

The purified enzyme has now been stored for a year in the 
dried state at temperatures of 5° or lower without loss of ac- 
tivity. Aqueous solutions of the preparation have been kept 
for several months in the frozen state without significant loss 
of activity. 

Using the method of preparation described above, as much 
as 20 gm. of crude enzyme has been processed at one time, and 
the results found to be comparable with those obtained when 
a single gram quantity was used. 


PHYSICAL PROPERTIES 


Sedimentation and diffusion constants of the purified colla- 
genase were determined in 0.1 mM sodium phosphate buffer of 
pH 7.0 at 20 and 24° and were corrected to water at 20° in the 
For these determinations, the Spinco Model EF 


usual manner. 
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PURIFIED 


CRUDE 


Fig. 1. Sedimentation patterns of crude and purified collagen- 
ases. The study on the left was made with 1 per cent crude en- 
zyme in 0.15 mM NaCl at a temperature of 23°, 54 minutes after the 
rotor was at full speed, using a bar angle of 50°; the time of ex- 
posure was 20 seconds in order to compensate for the deep pig- 
mentation of the solution. The picture on the right was made 
with 0.38 per cent purified collagenase in a 0.1 Mm phosphate buffer 
of pH 6.9 at a temperature of 23°, 58 minutes after the rotor was 
at full speed, using a bar angle of 50°. 


TABLE I 
Synthetic compounds which are not hydrolyzed by collagenase 


leueyigiveine 

gilyeyileucine 
—alanylasparagine 

| alanviglveylglycine 

leuevighlveylglvcine 
benzovlglyeylglvcine 

polyproline (50,000 molecular weight) 
| sarcosine-proline mixed polymer 


NV-Blocked peptides. . 


Polymers. . . 


| L-tvrosine methyl ester 
_L-histidine methyl ester 
L-arginine methyl ester 
benzoylarginine ethyl ester 


ultracentrifuge was used; the measurements for diffusion were 
made using the synthetic boundary cell with the centrifuge 
running at low speeds so that sedimentation was negligible. 
Studies were made at several concentrations of enzyme; no 
concentration dependence was observed. The partial specific 
volume of the protein was not measured, and, for purposes of 
‘alculation, a value of 0.73 was assumed. 

The extrapolated value for the sedimentation constant was 
5.4.8, and that for the diffusion constant 4.3 10-7 em. per 
sec. Using these values the molecular weight was calculated 
to be 109,000. 

Fig. 1 shows the sedimentation diagrams of the crude and 
purified materials. The presence of a small peak in the crude 
enzyme which corresponds to the peak subsequently found in 
the purified collagenase is evident. Most of the contaminating 
protein is of relatively low molecular weight and is highly pig- 
mented. 

Effect of Collagenase on Synthetic Substrates—Table I is a 
list of synthetic peptides and esters which were found to be un- 
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affected by incubation with collagenase. For these studies 
the synthetic compounds were each mixed with the enzyme in an 
amount of 50 units per ml. of reaction mixture, buffered at pH 
70 with either Tris' or maleate solutions containing 0.001 m 
calcium chloride, and incubated for varying times up to 24 hours. 
Hydrolysis of the compounds was sought for by the ninhydrin 
reaction, or, in the case of the esters, by hydroxamide formation, 
and in some instances by chromatography on paper. The effect 
of the enzyme on the mixed polymer of sarcosine and proline 
“was determined by Dr. Elkan Blout. 

End Products of Digestion of Collagen and Gelatin by Colla- 
-genase—In order to determine their average molecular weight, 
the end products resulting from digestion of fish and calfskin 
collagens, and from the digestion of the gelatins derived from 
these collagens, were investigated by means of the ninhydrin 
reaction and by titration in the presence of formaldehyde, eth- 
anol, or acetone. Studies were also made in which the substrate 
“was digested successively with collagenase and trypsin or by 
the same enzymes in reverse order; in this way it was possible 
to determine whether the products of the action of one of the 
enzymes were attacked by the other enzyme. The products 
of the enzymatic reactions were also characterized in a prelimi- 
nary way by paper chromatography. 

For these experiments reaction mixtures were prepared con- 
taining from 18 to 20 mg. of substrate and 10 to 20 units of 
collagenase per ml. The final mixtures had a pH of 7.0 and 


were 0.01 mM with respect to sodium maleate and 0.001 m with 
respect to calcium chloride. Incubation was at 37° and samples 
were Withdrawn at regular intervals of time for ninhydrin deter- 
mination and formol titration. When no further change in these 
measurements was observable for at least 5 hours, ethanol and 
acetone titrations were done in addition to the formol and 
ninhydrin procedures. In each case a control mixture contain- 
ing substrate but no enzyme was incubated and analyzed simi- 
larly. The concentration of substrate was determined by micro- 
Kjeldahl analysis. 

In those experiments in which digestion with trypsin (20 
ug. per ml.) was followed by treatment with collagenase, trypsin 
soybean inhibitor (40 wg. per ml.) was added before the second 
enzyme. 

The results of these experiments are summarized in Table II. 
No significant differences were encountered among the values of 
molecular weight of the end products obtained by the action of 
collagenase on a given collagen and its derived gelatin. By any 
of the methods used, the products of degradation by collagenase 

had a number average molecular weight of about 500. It can 
also be seen that a higher value was obtained for the end products 
resulting from tryptic digestion of gelatin, but that this value 
was reduced to the average of 500 by the subsequent action of 
collagenase. In another experiment not reported in the table, 
it was found that the average molecular weight of the products 
obtained by the action of collagenase on collagen or gelatin was 
hot affected by subsequent incubation with trypsin. 

_ The same reaction mixtures were subjected to chromatog- 
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-mphy on Whatman 3MM paper using a number of different 


solvent systems. Only three of the developing systems used, 
those indicated in Figs. 2 and 3 and an 80:20 mixture of isobu- 
tyric acid and water, gave satisfactory patterns; all others yielded 


'The abbreviations used are: Tris, tris(hydroxvmethyl)amino- 
methane; EDTA, ethylenediaminetetraacetate; DFP, diisopropyl- 
{horophosphate. 
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TaBLe II 
Number average molecular weights of products resulting from 
digestion of fish and calf collagens or gelatins by 
collagenase and/or trypsin 


Molecular weight after: 


Kind of Analyzing for: 


collagen End group procedure Colla Trv Trypsin, 
gen ar then col- 
ase* _lagenaseft 
Fish Acetone titration | Carboxyl 
| group 
Fish  Formol titration Amino group | 560 1200 500 
Fish | Ethanol titration | Amino group | 470 | 
Fish | Ninhydrin reaction Amino group | 590 1730 540 
Calf | Formol titration |= Amino group | 450 | 
Ninhydrin reaction Amino group 510 | 


Calf | | 


* The substrate was either collagen or gelatin; differences were 
insignificant. 
+ The substrate was gelatin. 


a significant amount of streaking which obscured many of the 
spots. With the favorable solvent systems, superior patterns 
were obtained with ascending as opposed to descending chroma- 
tography both when one- and two-dimensional procedures were 
used. Figs. 2and 3 diagrammatically present the spots identified 
in two-dimensional chromatograms of the end products of col- 
lagenase action on fish and calfskin collagens respectively. The 
areas were visualized by reaction with ninhydrin, and for each 
collagen approximately 30 well defined spots with colors rang- 
ing from yellow to violet appeared. The patterns obtained 
with the two collagens bear a qualitative resemblance to one 
another. Further studies on the peptides which were obtained 
and studies on the end-group analvsis of these peptides will be 
reported in a subsequent publication. 

No free amino acids could be detected among the end products 
of collagenolytie digestion as determined by ion exchange chro- 
matography using a Dowex 50 column and by analysis of the 
dinitropheny] derivatives of the end products. 

Action of Collagenase on Gelatin and Collagen Present in Same 
Solution—Since gelatin and collagen are the only known sub- 
strates for collagenase, a study of the action of the enzyme when 
confronted with both substrates in the same incubation mixture 
was thought to be of interest. The peculiar features of the 
system are that the enzyme acts both on the native substrate, 
collagen, in solution, and on the soluble denatured substrate, 
gelatin; and that it is possible, because of the large intrinsic 
viscosity of collagen relative to that of gelatin (16 as compared 
with 0.5), to assay the action of collagenase on collagen in the 
presence of gelatin, while the total action of the enzyme on 
both substrates can be estimated by the ninhydrin reaction. 

For this experiment, 400 mg. of calfskin collagen was mixed 
with a small amount of 1 mM calcium chloride solution containing 
0.1 m Tris buffer of pH 7.0 and then brought to a final volume 
of 100 ml. with the same solution. The mixture was allowed 
to stand at 5° for 2 days, and then was centrifuged for one hour 
at 60,000 r.p.m. at 5°; the residue was discarded. A portion 
of this solution was heated in a water bath at 50° for 20 minutes 
so that it ultimately was a 0.4 per cent solution of gelatin. 
Another portion of the collagen solution was diluted with an 
equal volume of | mM calcium chloride containing 0.1 m Tris 
buffer of pH 7.0 to vield a 0.2 per cent solution of collagen. 
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Fig. 2. Tracings of the spots visualized in a two-dimensional chromatogram of the end products obtained by digestion of fish collagen Subs 
with collagenase. The solvent systems indicated are butanol:phenol:acetic acid: water (2.5:5:1:5) and butanol:acetic acid:water PrOX 


(4:1:5). The spots are numbered for future reference. 
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Fic. 3. Tracings of the spots visualized in a two-dimensional chromatogram of the end products obtained by digestion of calfskiv 
collagen with collagenase. The solvent systems are identical with those given in Fig.2. Again, the spots are numbered only for future 


reference. 


A series of viscometers was prepared to contain the solutions 
indicated in Table III; the enzyme was added last in each case. 
The viscometers were held in a bath at 20.0°, and the visco- 
metric assay was conducted as usual. Fig. 4 is a plot of the 


results of this experiment, and Table IV summarizes the i 
portant findings. The rate of degradation, as revealed by th 
viscosity data, was proportionately diminished in the present 
of a given quantity of gelatin; however, after the complet 
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. digestion of the gelatin, which was attacked much more readily, 

the slope of the viscosity curve returned to its maximal value. 

) It would appear that at this point the enzyme had become 
- ayailable for the proteolysis of the remaining collagen. One 
| interpretation of these data is that collagenase was bound to 
| collagen and its derived gelatin in proportion to the amount of 
each substrate present; that is, the enzyme showed no preferential 
) binding. 
- A second experiment was conducted which was identical with 
) that just described but had the added feature that the reactions 
were studied by means of the ninhydrin procedure as well as 
_ by viscosity. For each mixture held in a viscometer, an identical 
| mixture was contained in a test tube secured in the same water 
hath. At convenient intervals of time 0.1 ml. aliquots were 
withdrawn from the tubes and placed into other tubes contain- 
) ing the requisite volumes of the acetate-cyanide buffer used in 
_the ninhydrin test; this served to stop the enzyme action. Sub- 
sequently, ninhydrin reagent was added and the color developed 
by the prescribed procedure. 

The results of the second experiment were identical with those 
of the first as indicated by the viscosity measurements. In 
the mixture containing equal quantities of collagen and gelatin, 
' the ninhydrin values indicated that most of the gelatin was 
| degraded in about 30 minutes, while the viscosity data showed 
that less than 5 per cent of the total collagen was digested. 

. | Subsequently the slope of the ninhydrin curve changed to ap- 

ater proximately that of the curve obtained with a control incubation 
' mixture which consisted of enzyme and collagen in the absence 
_of gelatin. Similar results were obtained with the other mix- 
tures of the two substrates. 

Thus, while the viscosity data could be interpreted to mean 
that the enzyme was bound equally well to each of the sub- 
strates, the ninhydrin results revealed that the rate of proteolysis 
of gelatin was about 10 times that of collagen. 

_ Inhibition of Collagenase—In a previous paper from these 

! laboratories (1) data were presented to show that sodium EDTA 

; and sodium citrate were effective inhibitors of collagenase. 
Because the activity of the enzyme could be restored by the 
addition of certain calcium salts it was concluded that the 
inhibition by EDTA and citrate was due to the effective removal 
of an activator, calcium ion, by chelation. Further evidence 
for the calcium requirement was adduced from experiments 
showing that the enzyme did not combine with the substrate 
| in the presence of EDTA, and that exhaustive dialysis of col- 
lagenase caused a considerable loss of activity which could 
be restored by the addition of calcium salts. 


TaBLeE III 
| (Collagenase action on collagen and gelatin in same solution 


Vi 0.2% calf 0.4% calf ° ll 
ml. mil. mil, ml. 
1 2.0 2.0 1.0 
2 2.0 0.5 1.3 1.0 
fskiv 
et 2.0 1.0 1.0 | 1.0 
4 2.0 1.5 0.5 | 1.0 
5 2.0 2.0 0 


the, *1m calcium chloride in 0.1 m Tris; final pH, 7.0. 
sentt} +1 ml. contained 32 units of enzyme as determined with the 


plete ichthyocol substrate. 
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Fic. 4. The change in viscosity with time of mixtures of colla- 
gen and gelatin acted on by collagenase. Each mixture con- 
tained 4 mg. of calf collagen, and is denoted in the figure by a 
symbol indicating the weight (in mg.) of gelatin contained in ad- 
dition to the collagen: 7, 0 mg. of gelatin; @, 2 mg.; A, 4 mg.; X, 
6 mg.; and O, 8 mg. 


TaBLe IV 
Action of collagenase on collagen and gelatin in same solution 
slopet 
mg mg. 70 
0 100 —20.2 100 
2 67 —15.8 78 
4 50 —11.1 55 
4 | 4 6 40 —9.4 46 
5 | 4 | 8 33 —7.9 39 


* The mixture in viscometer No. 6, as shown in Table III, con- 
tained no enzyme and exhibited no change in viscosity. 

t+ Obtained by dividing the weight (in mg.) of collagen by the 
weight of collagen plus gelatin, and then multiplying the quo- 
tient by 100. 

t Derived by dividing the initial slope given in the previous 
column by the slope of the curve obtained in viscometer No. 1 
which had no gelatin present, and multiplying the quotient by 
100. 


Earlier work by other investigators (12, 13) had shown that 
another type of inhibition of collagenase occurred in the presence 
of certain sulfhydryl-containing compounds, notably cysteine 
and glutathione. None of these agents was likely to inactivate 
the enzyme by binding calcium ions, yet they could act, con- 
ceivably, by sequestering some other metal such as zinc or iron. 
If this were indeed the case, the interesting situation would 
obtain in which a proteolytic enzyme, activated by the presence 
of calcium, contains yet another metal in its structure which is 
essential for activity. 

There is at least one other mechanism by which sulfhydryl- 
containing compounds may cause the inactivation of a_bio- 
logically active protein. Should the protein itself contain an 
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Fic. 5. The inhibition of collagenase by varying concentra- 
tions of cysteine or mercaptoethanol. O, cysteine; X, mereap- 
toethanol. 


interchain disulfide bond it may react with a sulfhydryl com- 
pound; the end result of such a reaction would be the splitting 
of the disulfide bond and the conversion of the protein into two 
fragments, one containing a terminal sulfhydryl group and the 
other a new disulfide linkage. If the scission of the molecule 
occurs in a region essential for the biological activity of the 
protein, inactivation may occur. 

Because of the above considerations, a more thorough investi- 
gation was undertaken to determine the effects of various sulf- 
hydryl compounds on the activity of collagenase and the effects 
of nonsulfhydryl substances which are known to be chelators of 
metals other than calcium. 

In most instances the chemical agents tested in this study were 
first incubated with the enzyme for 15 minutes at 20°, the tem- 
perature at which the subsequent viscometric assay was carried 
out. In other instances the preincubation with the enzyme 
was not performed, but rather the particular agent was added 
to the substrate before addition of collagenase. In all cases 
the reagents were dissolved in the' same buffer employed in the 
assay, and the pH of the solution was readjusted to 7.0 if nec- 
essary. 
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Fic. 6. The effect of varying substrate concentrations on the inhibition of collagenase by cysteine. 
obtained in the absence of cysteine, and those on the right in the presence of cysteine. 


Collagenase 


With the viscometric assay, inhibition of enzymatie activity | 
was measured by the change in the rate of the reaction; the rate 


was determined from the slope of a plot of specific Viscosity | 


versus time. 


A. Effects of Sulfhydryl Compounds 


1. Variation of Concentration of Cysteine—A series of yis.! 
cometers was prepared, each containing a final concentration of 5 
0.13 per cent ichthyocol and 5.2 units of collagenase in a total | 
volume of 5 ml. The cysteine concentration varied from 0.001) 
to 0.02 m. ‘Two additional viscometers were prepared as con-j 
trols; one contained no cysteine and the other contained no ep. 
zyme but 0.02 m cysteine. 

Fig. 5, which contains a plot of the results of this experiment, 
shows that a final concentration of 0.001 mM cysteine resulted ing 
55 per cent inhibition of collagenase, and that 0.02 Mm cysteine 
caused almost complete inhibition. The control incubation miy.. 
ture containing no enzyme demonstrated that 0.02 m cysteine by 
itself had no effect on the substrate. 

2. Effect of Variation of Substrate Concentration on Inhibition’ 
of Collagenase by Cysteine—A series of viscometers was pre) 
pared so that each contained 12 units of collagenase in a fina, 
volume of 5 ml. Before addition to the viscometers, the en-} 
zyme was preincubated with 0.05 m cysteine for 15 minutes at; 
20°, and after addition to the substrate, the final concentration! 
of cysteine was 0.001 m. This concentration of the sulfhydry|) 
compound had already been demonstrated to cause an inhibi. 
tion of collagenase to the extent of approximately 50 per cent! 
The ichthyocol concentration in the viscometers varied fron: 
0.032 to 0.13 per cent. Control reactions were performed simu 
taneously; these were carried out in viscometers which ante 


no cysteine but had identical concentrations of substrate and er 
zyme as corresponding viscometers in the experimental series. ' 

The results of this experiment are plotted in Fig. 6 and permit 
the following conclusions. For each concentration of ichthyoc. 
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The curves on the left wer 
In both sets of curves the symbols have tlt 


following significance: O, 0.13 per cent ichthyocol; X, 0.098 per cent ichthyocol; @, 0.065 per cent ichthyocol; and A, 0.032 per cel! 


ichthyocol. Only initial rates were compared. 


he 


Vol. 234, No.2} 


| 
2 x 

x 
\ 
@ x 
T 
at 

} 
x 
x 
b« 
a} 
de 
or 
tre 
mi 
th 
Fan 
ve 

| 


Vis- | 
nol 
otal 
oo) 


CON- 


lent, 
ina 
eine 
e by; 


ation 
pre) 
final 

> 

at 


ation 
ydry,| 


hibi- 
cent! 
fron: 


Aine: 
d 


ies, 


ermit” 


wert 


February 1959 


the slope of the curve obtained with cysteine was very nearly 4 
of that obtained in the absence of cysteine. Thus, the initial 
rate of the reaction in the presence of the inhibitor was independ- 
ent of the concentration of substrate. The results also show 
incidentally that the assay method itself is independent of sub- 
strate concentration over the range explored. 

3. Effect of Dialysis on Inactivation by Cysteine—The purified 
enzyme was allowed to incubate in buffer in the presence of 0.05 
m cysteine for 15 minutes at 20°; the concentration of collagenase 
in the incubation mixture was 6 units per ml. Another solution 
containing the same concentration of enzyme in buffer without 
cysteine was incubated under the same conditions. Aliquots of 
each of these mixtures were dialyzed against buffer for approxi- 
mately 15 hours at 2-5°. Additional aliquots of each were kept 
in the refrigerator for the same period of time without, however, 
undergoing dialysis. 1-ml. aliquots of each of the treated en- 
zyme solutions were then assayed by the viscometric method. 

Fig. 7, which summarizes the results of this experiment, shows 
that the contro] solutions of the enzyme, 7.e. those not treated 
with cysteine, both dialyzed and undialyzed, had the same ac- 
tivity. However, the enzyme solution, which had been treated 
with cysteine and was then dialyzed free of this agent, exhibited 
only 40 per cent of the activity shown by the controls. This rep- 
resented approximately 60 per cent inhibition of activity, which is 
of the order previously found for this concentration of cysteine. 
It is therefore apparent that inhibition by cysteine is not re- 
versed by dialysis. 

4. Effect of Mercaptoethanol—This compound was studied for 
several reasons. First, from the standpoint of determining the 
mechanism by which sulfhydryl compounds exert their inhibitory 
action, the study of mercaptoethanol would be informative since 
it is a much poorer chelator of metals than is cysteine. Second, 
mercaptoethanol has certain features which make it useful as an 
inhibitor in those specialized studies in which collagenase is em- 
ployed for the delineation of some of the structural aspects of 
collagen. Thus the fact that mercaptoethanol exhibits no opti- 
cal activity, and that it dissolves freely in water without con- 
tributing to the ionic strength of the solution, gives it a distinct 
advantage over cysteine. 

Fig. 5 includes the results of an experiment in which collagen- 
ase was assayed after preincubation with varying concentrations 
of mercaptoethanol. The final concentrations in the viscometers 
were: ichthyocol, 0.13 per cent; enzyme, 3.5 units in the total 
volume of 5 ml.; and mercaptoethanol, from 0.001 to 0.02 M. 
It can be seen from the curve that 50 per cent inhibition was ob- 
tained when the mercaptoethanol concentration was 0.01 M. 
Thus this agent was about ,') as effective as cysteine for the in- 
activation of collagenase. 

5. Effect of Penicillamine—This sulfhydryl compound is ef- 
fective both for the chelation of metal constituents of proteins 
and for the rupture of protein molecules containing disulfide 
bonds. Ina final concentration of 0.001 m it was shown to cause 
approximately 40 per cent inhibition of 8 units of collagenase as 
determined in the viscometric assay. 

6. Ultracentrifugal Studies on Collagenase Treated with Cysteine 
or Mercaptoethanol—A 2 per cent solution of collagenase was 
treated with 0.02 m cysteine in one instance and with 0.1 mM 
mercaptoethanol in another. Viscometric assay demonstrated 


that the enzyme was inactivated in each case. However, ex- 
amination of these solutions in the analytical ultracentrifuge re- 
vealed no discernible changes from the pattern of sedimentation 
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Fig. 7. The irreversibility by dialysis of the inhibition of col- 
lagenase by cysteine. The symbols have the following signifi- 
cance: X,enzyme not treated with cysteine and kept undialyzed; 
@, enzyme not treated with cysteine but dialyzed; and O, en- 
zyme treated with cysteine and dialyzed. 


TABLE V 
Effects of certain chemical agents on activity of collagenase 
8-Hydroxyquinoline-5-sulfonate.......... 0.005 100 
8-Hydroxyquinoline..................... 0.001 70 
Potassium eyanide....................... 0.01 40 
0.005 20 
Ethylenediamine......................... 0.01 | 0 
0.01 0 


Hydrogen peroxide...................... | 


given by untreated collagenase. ‘Thus, if cysteine or mercap- 
toethanol cause the dissociation of fragments from the collagen- 
ase molecule these must indeed be of small size. 


B. Effects of Other \Metal-Chelating Agents 


Table V summarizes the results of experiments in which a 
variety of metal-complexing agents other than the simple sulf- 
hydryl compounds were permitted to act on collagenase. In each 
case the agent, in a concentration 5 times the final concentration 
indicated in the table, was preincubated with the enzyme, and a 
1-ml. aliquot of the mixture added to 4 ml. of the ichthyocol sub- 
strate in the viscometer. Each viscometer finally contained 8 
units of enzyme and the concentration of agent indicated. The 
usual viscometric assay was then performed. 

From the table it is evident that o-phenanthroline or 8-hy- 
droxyquinoline-5-sulfonate in a final concentration of 0.005 m 
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caused complete inhibition of collagenase activity. a@,a’-Di- 
pyridyl was 94 per cent inhibitory at a concentration of 0.002 Mm. 
Potassium cyanide, salicylaldehyde, and dithiobiuret were par- 
tially inhibitory in the concentrations tested. Sodium azide, 
hydroxylamine, ethylenediamine, thioacetamide, and hydrogen 
peroxide were without effect in the concentrations tested. Eval- 
uation of the possible inhibitory effectiveness of certain of these 
compounds, e.g. dithiobiuret, was limited by their low solubility. 


C. Effect of Ditsopropylfluorophosphate (DFP) 


Since certain of the more general proteinases are inhibited by 
DFP, a study was made of the effects of this compound on the 
more specific proteinase, collagenase. When preincubated with 
the enzyme at room temperature for 30 minutes, DFP in a final 
concentration as great as 0.03 m did not inhibit the action of 
collagenase either on collagen or gelatin. 


DISCUSSION 


The best specific activity which has been observed for colla- 
genase with the various methods used in these laboratories for its 
purification, is about 130 units per mg. of protein, an approxi- 
mately 7-fold increase as compared with the starting material. 
This apparently small increase in specific activity can be ex- 
plained by the fact that collagenase is an extracellular enzyme, 
and the crude starting preparation does not contain impurities 
of the cellular variety usually associated with bacterial enzymes. 
Thus, the crude preparations contain a protein which behaves in 
the ultracentrifuge in a manner similar to purified collagenase, 
and which constitutes about 10 per cent of the protein present. 
From this consideration the purification appears to be almost 
maximal, and this is borne out by the more important fact that 
the purified material, so far as has been determined, does not con- 
tain the difficultly separable nonspecific proteinases and pepti- 
duses. 

Collagenase behaves as a typical globular protein in the ultra- 
centrifuge. Its sedimentation rate does not change in the pres- 
ence of either cysteine or mercaptoethanol, both of which cause 
its inactivation. 

The enzyme is inactivated by selective metal chelating agents 
such as o-phenanthroline, 8-hydroxyquinoline-5-sulfonate, and 
a ,a’-dipyridy] in the presence of excess calcium ion, which previ- 
ously was shown to be necessary for full activation of the enzyme. 
Thus a second metal, intimately bound to the protein molecule, 
appears to be implicated in the action of collagenase. When 
cysteine was used to sequester the metal, the inactivation of the 
enzyme was not reversed by dialysis and was independent of 
substrate concentration. This suggests a noncompetitive ir- 
reversible inhibition. , 

It is worthy of note that cysteine is much more effective than 
mercaptoethanol for the inhibition of collagenase, and this is in 
strict correspondence with the relative efficiencies of these agents 
for the chelation of metals. 

The only substrates found for collagenase thus far, in agree- 
ment with the work of others (14, 15), are collagens and gelatins.? 


2 Recently in a collaborative study with Dr. William Harring- 
ton of the National Institutes of Health and Dr. Peter H. von 
Hippel of the Naval Medical Research Institute, it has been found 
that collagenase is able to cause the scission of mixed polymers of 
glycine and proline with the production of N-terminal glycine. 
These are the first synthetic substrates found for the enzyme. 
The polymers were kindly furnished by Dr. Ephraim Katchalski 
and Dr. Arieh Berger of the Weizmann Institute of Science in 
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rapidly than was calf collagen. 
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With these, the final products of enzymatic digestion are the 
same whether one starts with collagen or gelatin of a given spe- 
cies. The products obtained with calf and fish substrates have 
almost identical average molecular weights and are qualitatively 
similar as determined by resolution on paper. The number 
average molecular weight of the products is approximately 500 
as estimated by the ninhydrin reaction and by titrations in the 
presence of formol, acetone, or ethanol. Bidwell et al. (14), 
studying the action of collagenase of Clostridium welchii on gela- 
tin, published figures denoting the equivalents of amino and 
carboxyl groups released in the enzymatic digestion as measured 
by various titration procedures; one may calculate from their 
data that the average molecular weight of the products of the 
reaction was approximately 800. Considering that two differ- 
ent collagenases were used as well as substrates of different de- 
grees of purity, the agreement between the results of that study 
and those of the present is good. 


Whereas the end products of digestion of collagen and gelatin 
by collagenase are similar, the rates of proteolysis differ greatly. 
Thus calf gelatin was digested approximately 10 times more | 


appear to suggest that this difference in rates occurs in face of 
an almost equal affinity for the enzyme of calf collagen and 
gelatin. 


In viewing the results of the experiments in which collagen and | 


Nevertheless some of the data ? 


gelatin in a single incubation mixture were acted upon by col- 


lagenase, one might be inclined to relate them to the so called , 


Northrop phenomenon, an anomaly in the customary kinetics of 
enzymes. 
upon gelatin and casein present in the same mixture, caused the 
proteolysis of each to occur at a rate which was the same as that 
for the individual substrate in a separate solution. Recently, 
Castaneda-Agull6é (18) reinvestigated this phenomenon and 
found that the addition of gelatin did not affect the rates of hy- — 
drolysis of saturation levels of casein or hemoglobin by trypsin, 
papain, or pepsin. Castafieda-Agullé and del Castillo (19) ina 


further study with trypsin found that the total rates of hydrol- 


ysis for casein-gelatin mixtures were always larger than those — 
for the individual proteins, and in some cases the rate for the — 
mixture was equal to the sum of the individual rates. | 
“The results with collagenase reported in the present com- 
munication do not fit the description of the Northrop phenon- 
enon because the rate at which the collagen substrate was 
digested in the presence of gelatin was not independent of the 
concentration of gelatin. Instead the action on collagen decreased _, 
proportionately to the ratio of gelatin to collagen. These data — 
therefore fit the case of two equally competitive substrates for an 
enzyme; however, since the over-all reaction rates are quite dil- 
ferent, they indicate that the peptide bonds in gelatin are more 
easily severed than those in collagen, although the enzyme per- 
haps binds equally well to both substrates. a 
The data, on the other hand, seem to provide experimental 
confirmation of the concept summarized by Laskowski and 
Scheraga (20) concerning the relative rates of proteolysis to be 
expected when a native protein is compared with its denatured 
form. The essence of this view is that a peptide bond would 


Israel. A detailed report of these investigations will appear else- _ 
where. In view of the requirements of specificity for collagenase 
suggested by Michaels et al. (Biophys. Biochem. Acta, 29, 450 | 
(1958)), the action of this enzyme on the melanocyte-stimulating 
hormone and on the “‘M”’ strain of the tobacco mosaic virus, both — 
of which contain Gly.Pro sequences, will be studied. 


Northrop (16, 17) had observed that trypsin, acting | 
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have enhanced stability if it were in the context of a structure 
containing certain other primary valence bonds or such secondary 
bonds as the hydrogen bond. The additional stability would 
become apparent in the resistance of a given peptide bond in a 
native protein to the action of a proteolytic enzyme. 

With collagen, the most likely sources of added stability are 
the intrapolypeptide hydrogen bonds, forming secondary cyclic 
structures, and the interpolypeptide hydrogen bonds which may 
be considered as providing an instance of lattice stability. Par- 
ticularly in the case of lattice stability one can conceive of the 
two severed ends of a polypeptide chain being held in close prox- 
imity so that a back reaction tending toward the reformation of 
the peptide bond could proceed; this effect, of course, would be 
negligible in the case of a denatured protein such as gelatin. 

In many respects the gelatin-collagen-collagenase system ap- 
pears ideal for the study of the mechanisms suggested by Las- 
kowski and Scheraga. First, there are convenient separate 
methods for the measurement of the rupture of hydrogen bonds 
(e.g. by changes in optical rotation), the degradation of collagen 
(by decrease in viscosity), and the total hydrolysis of peptide 
bonds (by increase of the ninhydrin reaction value or by other 
end-group analytical procedures). Secondly, collagenase acts 
both on the native and denatured forms of the protein. Thirdly, 
the amino acid sequence, and therefore the backbone polypeptide 
chain, appears to be identical in both collagen and gelatin; and 
if, as suggested, the enzyme binds equally well to both, the rate 
of splitting of the two substrates must be a reflection of the sta- 
bilizing effects discussed above. 

In previous studies dealing with the mechanism of collagenase 
action (2), it was shown that the initial reaction on collagen re- 
sulted in the formation of fragments which continued to exhibit 
the high negative rotation of the parent molecule, and it was 
concluded that the fragments maintained the original helical con- 
figuration. In view of these findings the collagen molecule may 
be considered to consist of both helical and nonhelical (‘“gelatin- 
like”) regions, and the larger helical content of a particular col- 
lagen, e.g. calf as compared with fish collagen, would be reflected 
in a more negative optical rotatory activity, greater thermal] 
stability, and greater resistance to the degradation by collagenase. 
Although this appears to be an approximation of the actual situ- 
ation as concerns optical activity and thermal stability, it may 
be an oversimplification as regards the action of the enzyme, as 
is shown by the apparent equal affinity of collagenase for a given 
collagen and its derived gelatin. If the enzyme were acting 
initially only on “gelatin-like” regions of the collagen molecule, 
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the addition of an equal amount of actual gelatin might be 
expected to reduce the rate of hydrolysis of collagen by much 
more than half, since gelatin contains many more nonhelical 
regions. In such a case the enzyme would be expected to occur 
in attachment with more of the gelatin than collagen. In view 
of the apparently contrary experimental results, one may there- 
fore consider that even those peptide bonds in the nonhelical 
domains of the collagen molecule have an additional stability 
due to the lattice structure. 


SUMMARY 


1. A method is presented for the purification of collagenase on 
a large scale by use of ammonium sulfate fractionation and ad- 
sorption to alumina Cy gel. 

2. Collagenase has a molecular weight of approximately 
109,000, a sedimentation constant of 5.4 S, and a diffusion con- 
stant of 4.3 x 10-7 cm.” per sec. 

3. The enzyme is inhibited by sulfhydryl-containing agents 
and the inhibition by cysteine is not reversed by dialysis. 
Neither cysteine nor mercaptoethanol causes any scission of the 
enzyme molecule which can be detected by ultracentrifugal anal- 
ysis. The effect of the sulfhydryl-containing compounds, there- 
fore, seems to be on a metal component of collagenase which is 
not calcium. 

4. Collagenase is also inhibited by metal-sequestering agents 
such as o-phenanthroline, a,a’-dipyridyl, and 8-hydroxyquino- 
line-5-sulfonate. It is not inactivated by diisopropylfluorophos- 
phate in a final molarity of 0.03. 

5. The products of collagenase action on the collagens and 
gelatins of calf and fish are small peptides with a number average 
molecular weight of approximately 500. About 30 of the pep- 
tides can be resolved by two-dimensional paper chromatography. 

6. Purified collagenase, free of detectable peptidases and non- 
specific proteinases, has been found to act only on collagens and 
gelatins. It is inactive against a number of synthetic com- 
pounds. 

7. Collagen and gelatin appear to bind collagenase equally; 
however, gelatin is degraded at a rate approximately 10 times 
greater than that for collagen. The implications of these findings 
are discussed in relation to the stability of peptide bonds in 
native and denatured proteins. 


Acknowledgmenits—The authors are grateful to Mrs. Mrya 
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For several vears this laboratory has been concerned with an 
investigation of those enzymes in rat skin extracts which, in 
part at least, comprise the proteolytic enzyme system of this 
organ (1-5). In certain cases, methods have been proposed for 
the detection of their individual activities. However, certain 
contemplated studies, e.g. the possible physiological significance 
of these proteolytic enzymes in hypersensitivity and_ post- 
thermal injury reactions, have indicated the need for assay pro- 
cedures considerably more }sensitive than hitherto used (2). 
Since the substrate specificities of several of the skin enzymes 
resemble that of chymotrypsin in that aromatic amino acid 
esters and their acylated derivatives, e.g. L-tyrosine ethyl ester 
and N-acetyl-L-tyrosine ethyl ester, serve as susceptible sub- 
strates, we attempted to devise a sensitive and rapid spectro- 
photometric assay procedure for these enzymes by using chymo- 
trypsin as the test enzyme. 

Hartley and Kilby (6) first reported that chymotrypsin 
catalyzed the liberation of p-nitrophenol from the nitropheny] 
ester, p-nitrophenyl acetate, despite the absence of previously 
established structural requirements for a chymotrypsin substrate 
in the acyl contributor to the sensitive bond of this compound 
(7). Further work by these investigators (8) and by Gutfreund 
and Sturtevant (9) led to the concept that a rapid mole per 
mole interaction of p-nitrophenyl! acetate and chymotrypsin 
occurred with resulting formation of acetyl chymotrypsin and 
the concomitant release of p-nitrophenol (acylation reaction). 
This was followed by the much slower deacylation reaction in 
which active enzyme was liberated. The actual isolation of 
monoacetyl chymotrypsin was accomplished by incubation of 
the enzyme with p-nitrophenyl! acetate at a pH low enough to 
inhibit deacylation (10, 11). Carbobenzoxyglycine p-nitro- 
phenyl! ester (12) and the nitrophenyl esters of hippuric acid, 
hydrocinnamic acid, and others (13) are also hydrolyzed by 
chymotrypsin, the efficiency of catalysis increasing as the struc- 
ture of the acid moiety approaches that of a typical chymo- 
trypsin substrate (13, 14). These observations logically led to 
the conclusion that a p-nitm»pheny! ester of an acylated aromatic 
amino acid should be an extremely sensitive chymotrypsin 
substrate. In this paper, details for a simple, rapid, and sensi- 
tive spectrophotometric determination of chymotrypsin activity 
with the use of N-carbobenzoxy-L-tyrosine p-nitropheny] ester 
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United States Public Health Service and by the Office of Naval 
Research under Contract 1833 (00), NR 101-412. 
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as the test substrate will be presented. Although greater 
emphasis will be placed upon the determination of initial re- 
action velocities by measuring the rate of p-nitrophenol libera- 
tion from this test substrate, it will also be shown that determina- — 
tions of the rate of substrate disappearance, as measured at } 
275 mu, can be utilized with equal facility. 


A preliminary note covering some of this material has been 
published (15). 


EXPERIMENTAL 


The purity of the a-chymotrypsin preparation’! employed in 
these studies was determined by its activity toward ATEE? at 
25° and pH 8.0 in the presence of 0.10 m CaCl. and 0.004 m 
tris(hydroxymethyl)aminomethane buffer. The value obtained 


for the specific rate constant, /3, was 3.0 moles per |. per minute 


per mg. of protein N per ml. In an identical system, the maxi- 
mal] value of 2.87 + 0.10 has been assigned to k3 (16). Trypsin 


was absent in the chymotrypsin preparation since, at a con- — 
centration of 0.118 mg. of protein per ml., hydrolysis of a-N- | 


tosyl-L-arginine methyl ester was not detected at pH 8.0 in 30 


minutes. 


Working solutions of chymotrypsin were prepared in 0.12 M | 
CaCl, (150 to 200 mug. of protein per ml.) and showed no — 
diminution in activity upon storage at 25° for 2 days. 

‘Chymotrypsin concentration was computed from optical 
density measurements at 280 my by using the relation, milli- 
grams of protein per ml. = optical density x 0.486 (17). 

Preparation of CTN—5 gm. of purified L-tyrosine ethyl ester 
hydrochloride (18) were treated with 3.47 gm. of carbobenzoxy- 
chloride in the manner described by Parks and Plaut (19) for 
the preparation of ATEE. Ethanol was added to the syrup ob- 
tained after the removal of chloroform, and upon addition of — 
water the material crystallized to yield 4.25 gm. of carbo- 
benzoxy-L-tyrosine ethyl ester; m.p., 88.0-88.5° (this and other 
melting points are uncorrected). The reported m.p. is 78° (20). | 

Saponification of the ester (3.25 gm.) gave 2.64 gm. of carbo- | 
benzoxy-L-tyrosine; m.p., 94-95° (reported m.p. 101° (20)).' 


~ 


1 Lot No. 577-82, Worthington Biochemical Corporation, Free- 
hold, New Jersey. Stated to be a salt-free, alpha activation 
product (crystallized three times) of chymotrypsinogen, crystal- 
lized three times. 

2 The abbreviations used are: ATEE, N-acetyl-u-tyrosine ethyl | 
ester; CTN, N-carbobenzoxy-L-tyrosine p-nitrophenyl ester; NP, 
p-nitrophenol; NPA, p-nitrophenyl acetate. 

3 On several occasions, we have obtained crystalline prepara- 
tions melting at approximately 105° after crystallization from a0 © 
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Under anhydrous conditions and with stirring, tributylamine 
(1.19 ml.) in 5 ml. of dioxane was added to a solution of carbo- 
benzoxy-L-tyrosine (1.58 gm.) in 10 ml. of dioxane followed by 
the addition of ethyl chloroformate (0.65 ml.) in 5 ml. of the 
same solvent. The temperature was maintained at 6-8°. NP 
(0.70 gm.) was added 30 minutes later and stirring continued for 
lhour. Solvent was removed ina vacuum. The oil was diluted 
with chloroform, washed with cold 1 N HCl, saturated sodium 
bicarbonate, 1 N HCl, and water, and dried over sodium sulfate. 
The solvent was then removed in a vacuum. Addition of 
methanol to the oil induced crystallization of CTN (yield, 1.0 
gm.; m.p., 145°), and after 2 recrystallizations from hot chloro- 
form, a white product was obtained that melted at 158-159°.4 


Calculated: C 63.34, H 4.62, N 6.42 
Found: C 63.30, H 4.74, N 6.67 


(a]* + 3.2° (1.0 per cent, in dioxane) and —16.3° (1.0 per cent, 
in acetone). Alkaline hydrolysis released 1 mole of NP per 
mole of CTN. 

Spectral Absorption Measurements—The absorption spectra of 
CTN at pH 6.5 and of its hydrolytic products at pH 6.5 and 8.0 
are shown in Fig. 1. The absorption maximum for CTN is at 
273 to 275 my, a wave length region wherein NPA also has its 
maximal absorption (14, 21). The hydrolytic product from 
CTN hydrolysis, NP, with a pK, of 7.16 (22), has an absorption 
spectrum dependent upon pH. Above pH 7.16 the p-nitro- 
phenolate ion dominates with Ajna< at 400 my (Fig. 1, Curve c); 
at pH 6.5, NP is mostly in the undissociated form with Ajax at 
320 mu (Fig. 1, Curve b). 

Under the conditions of the standard assay (see below), the 
light absorption of ionized NP and of CTN at 400 and 275 mu, 
respectively, was proportional to concentration (Fig. 2, A). 

The molar extinction coefficient for CTN (€275,, 12,400) was 
independent of pH within the range investigated (Fig. 2, B) 
whereas €49° for NP (as the p-nitrophenolate ion) varied with 
pH in agreement with theory (Fig. 2, B). At pH 8.0, «42° 
equaled 18,750. 

Enzyme Activity Measurements—Rate measurements were 
performed in 1-cm. quartz cuvettes contained in a thermostated 
compartment of a Beckman model DU spectrophotometer 
equipped with a water-jacketed lamp housing. Standard assay 
mixtures, modified from those reported (15), contained 0.35 ml. 
of methanol, 1.00 ml. of 0.3 m CaCle, 0.50 ml. of 0.2 tris(hydroxy- 
methyl)aminomethane buffer (pH, 8.0), 0.85 ml. of water, 0.20 
ml. of enzyme (in 0.12 Mm CaCl.), and 0.10 ml. of substrate solu- 
tion. The temperature of assay was 30.0°. CTN was usually 
dissolved in acetone. However, for absorption measurements 
at 275 my, dioxane was the solvent because of the large absorp- 
tion of acetone at this wave length. 

At an initial CTN concentration of approximately 4 « 10-5 
M, at least 5 volumes per cent methanol was necessary for 
maintenance of solution; at 2.5 * 10-5 m or lower, methanol can 
be omitted. 

Reaction solutions for spontaneous rate measurements con- 
tained all components minus enzyme. For readings at 400 muy, 


acidified sodium acetate solution. This material did not yield 
the desired condensation product with NP. 

‘The preparation previously used (15) had a melting point of 
152° after recrystallization from methanol. In all experiments 
reported here the higher melting product was used. 
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Fic. 1. The absorption spectrum of CTN and its hydrolytic 
products. Curve a, CTN at pH 6.5; Curve b, after complete hy- 
drolysis at pH 6.5; Curve c, after complete hydrolysis at pH 8.0. 
The CTN concentration was 3.54 X 10-5 Mm and was added to the 
standard reaction mixture (cf. ‘‘Experimental’’) as a dioxane 
solution. Hydrolysis of CTN was effected by the presence of 0.20 
mg. of chymotrypsin per 3.00 ml. of reaction solution. Blank 
cuvettes contained all components minus CTN. 
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Fig. 2. A. Standard curves showing the relationship at pH 8.0 
between the optical density and NP or CTN concentration at the 
indicated wave lengths. 8B. Variation of the molar extinction co- 
efficient of NP and CTN as a function of pH. The S-shaped 
smooth curve is the theoretical dissociation curve for NP as cal- 
culated from a pK, of 7.15. 


blank cuvettes contained water; for measurements at 275 muy, 
blank cuvettes contained all components minus substrate. It 
was found convenient to prepare a solution sufficient for a 


number of assays which contained all components other than 
enzyme and substrate and to add a 2.70 ml. aliquot of this 
solution to each cuvette. After 5 minutes of equilibration time, 
the enzyme was added with introduction of substrate occurring 1 
minute later. 
30 to 50 per cent of completion. 


In general, enzymatic reactions were followed to 


Initial velocities, vo, were calculated from the slopes of optical 


density versus time plots and expressed as the change in optical 
density per second. The rates of all enzyme-catalyzed reactions 
were corrected for the rate of spontaneous hydrolysis determined 
under identical conditions. 
when performed at pH values other than 8.0, were corrected for 
the pH dependence of the molar extinction coefficient of NP. 


Rate measurements at 400 mu, 
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Fig. 3. The nonenzymatic rate of CTN hydrolysis as measured 
at 400 mu. A, as a function of concentration at pH 8.0; B, asa 
function of pH; ao, 3.95 K 107° a. 
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Fia. 4. A. The relation between the initial rate of CTN hy- 
drolysis at pH 8.0, as measured at 400 my, and the chymotrypsin 
concentration; ado, 3.70 KX 10-§'m. B. The pH activity curve for 
CTN hydrolysis by chymotrypsin. The ordinate values are in 
arbitrary units and the points are the average of two experiments. 
Initial velocities were determined at 400 mu. 


x 


4.0}- 


i 


Go, Molar x 
Fig. 5. The dependence of the chymotrypsin-catalyzed hydroly- 

sis of CTN upon substrate concentration at pH 8.0. Data plotted 

according to Woolf (25) with initial velocities expressed as the 
change in optical density per second at 400 mu. Chymotrypsin 

concentration was 6.18 X 107!° moles per 1. 


6.0 


Initial substrate concentrations, ao, were determined either 
from optical density measurements at 400 my on completely 
hydrolyzed CTN solutions (complete NP release was rapidly 
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assured by the addition of 0.20 ml. of chymotrypsin (1 mg. per 
ml.)) or, when reaction rates were measured at 275 mu, from the 
optical density value obtained by extrapolation of the initia] 
portion of the rate curve to zero time. The appropriate e,,,, 
value was then used to calculate apo. 


RESULTS 


Spontaneous Hydrolysis of CTN—The rate of NP release was 
directly proportional to CTN concentration (Fig. 3, A). The 
sensitivity of CTN hydrolysis to pH is shown in Fig. 3, B. It 
will be noticed that at pH 6.5 the spontaneous hydrolysis rate 
can be considered zero within the time limits requisite for an 
enzymatic assay. 

Chymotrypsin-Catalyzed Hydrolysis of CTN—The rate of 
CTN hydrolysis was proportional to chymotrypsin concentra- 
tion over the 8-fold range explored (Fig. 4, A). The data indi- 
cate that an activity determination using approximately 2 mug. 
of chymotrypsin per ml. of assay solution is possible. 

Optimal enzymatic activity occurred at pH 8.0 (Fig. 4, B). 
This is in agreement with numerous published observations (7, 
23, 24) for the optimal pH of the a-chymotrypsin-catalyzed 
hydrolysis of acylated amino acid esters, amides, hydroxamides, 


and hydrazides at approximately 25-30°. 


The effect of substrate concentration is given as a plot of 
ao/¥o With respect to ao (25) (Fig. 5). A, was estimated to be 
3.2 X 10-5 m from the values of the slope and intercept of the 
subjectively drawn line. With a value of 22,000 for the molecu- 
lar weight of chymotrypsin (26), the specific rate constant, k, 
was calculated to be 480 sec.~! or, in other units, 8.3 moles of 
CTN per |. per minute per mg. of protein N per ml. The k; 
value is higher and the A, value lower than corresponding 
constants reported for the chymotryptic hydrolysis of other 
acylated amino acid esters (7, 23), although reaction condition 
differences do not permit direct comparison. Further discussion 
of the effect of the p-nitropheny! group upon the susceptibility 
of substrates of the type RCONHCHR,COR, to chymotryptic 
catalysis will be deferred to a future publication. 

Rate Comparison of CTN Disappearance with That of NP 
Formation—For these experiments a dioxane solution of CTN 
was used since, at the wave length region of CTN absorption, 
evén 0.10 ml. of acetone per 3.00 ml. of assay solution produces 
intense absorption. However, the use of dioxane in the reaction 
solution reduced the rate of chymotrypsin catalysis. For 
example, at a chymotrypsin concentration of 13.6 mug. per ml. 
and with ap equal to 3.80 X 10-5 M, vo was only 0.7 of the rate 
determined in the presence of acetone. The spontaneous 
hydrolysis rate was not affected by this solvent difference. 

In Fig. 6, the rate curve for the disappearance of CTN as 
measured by the decrease in optical density at 275 my is com- 
pared with the velocity of NP formation. The liberation of 
NP was followed under identical conditions by the increase in 
optical density at 400 mu. The data indicate that the rate of 
CTN disappearance corresponds to the rate of NP formation. 

Effect of Various Proteins, Amino Acid Derivatives, and Re- 
agents upon CTN Hydrolysis—Hartley and Kilby (6, 8) reported 
that although diethyl p-nitrophenyl phosphate and diisopropyl- 
phosphorofluoridate completely inhibited the proteolytic, amino 
acid esterase, and amidase activity of chymotrypsin, residual 
activity toward NPA and p-nitrophenyl ethyl carbonate was 


still present. They also reported that NP was liberated from | 
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these nitropheny] esters upon incubation with insulin and prota- 
mine and suggested that acylation of free amino or phenolic 
hydroxyl groups had occurred. This explanation was supported 
by experiments which demonstrated that tyrosine or its ana- 
logues, e.g. ATEE, L-tyrosine ethyl ester, L-phenylalanine ethy] 
ester, and others (8) and compounds containing the imidazole 
ring (27-30) were capable of liberating NP from NPA. These 
observations prompted a study of the effect of various materials 
upon the release of NP from CTN. 

In these studies rate measurements were determined in a 
Bausch and Lomb Spectronic-20 spectrophotometer at 400 my 
with the use of matched tubes of 11-mm. inside diameter. The 
pH was 8.0 and CTN concentration was at approximately 3.8 xX 
10-° m. Tube contents were equilibrated in a 30°-bath and 
removed for readings at selected times except in those assays 
involving reaction rates so fast as to necessitate continuous 
observation of the increase in optical density. 

At concentrations of approximately 33 ug. per ml., soybean 
inhibitor, lima bean inhibitor, bovine plasma trypsin inhibitor, 
ovomucoid, lysozyme, salmine, protamine sulfate, heparin, 
pepsin, and chymotrypsinogen (after inhibition of contaminating 
chymotrypsin with diisopropylphosphorofluoridate) did not 
affect the rate of CTN hydrolysis. Streptokinase (31), at a 
concentration of 1000 units per ml. and fibrinogen, at a con- 
centration of 200 ug. of clottable protein per ml., were also 
ineffective. | 

t-Tyrosine ethy] ester, L-histidine methyl ester, L-lysine ethyl 
ester, and ATEF, all at 1.3 10-3 M, produced rate increases of 
1.4-, 2.3-, 1.2-, and 2.0-fold, respectively. The release of NP 
from CTN by incubation with such compounds probably 
occurs by a coupling reaction leading to the formation of carbo- 
henzoxytyrosyl derivatives. Boddnsky et al. (32) have de- 
scribed such reactions leading to the synthesis of acylated pep- 
tides. 

Sulfhydryl compounds induced a rapid liberation of NP from 
CTN. At equimolar concentrations (1.3 x 10-4 M) cysteine, 
reduced glutathione, and 2,3-dimercaptopropanol produced 
approximately an 8-fold increase in the rate of hydrolysis. 
NPA is also vulnerable to decomposition by sulfhydryl reagents 
(33). 


DISCUSSION 


Other workers have devised spectrophotometric procedures 
for the estimation of chymotrypsin activity by utilizing either 
conventional or specialized substrates in their assay system. For 
instance, Schwert and Takenaka (18) have applied the technique 
of differential spectrophotometry to the determination of 
chymotrypsin activity using ATEF as the test substrate. Ravin 
et al. (84) have proposed the use of benzoyl-pL-phenylalanine 
8-naphthyl ester, although coupling of the liberated @-napthhol 
with tetrazotized diorthoanisidine before absorption measure- 
ments precludes continuous observation of the course of the 
reaction. Optical measurement of the increase in hydroxy- 
benzoic acid during the chymotrypsin-catalyzed hydrolysis of 
normal fatty acid esters of hydroxybenzoic acids has been 
advocated as an assay procedure by Hofstee (35). With the 
appropriate substrate, the indicator technique of Gutfreund (36) 
and of Rhodes et al. (37) for the determination of trypsin activity 
should be amenable to the assay of chymotrypsin. All of the 
above assay procedures require microgram quantities of chymo- 
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Minutes 
Fic. 6. The rate of CTN disappearance versus NP formation 
at pH 8.0. @——@, the decrease in CTN concentration as meas- 
ured at 275 mu; O——O, the increase in NP concentration as 
measured at 400 mu. Dioxane was used as the substrate solvent. 


_ The enzyme concentration was 13.6 mug. of chymotrypsin per ml. 


and ap was 3.80 1075 mM. 


trypsin for the estimation of activity, and in some cases, ex- 
tensive manipulations or supersensitive light detectors, @.e. a 
photomultiplier attachment to a spectrophotometer. 

The use of CTN as a substrate for the assay of chymotrypsin 
decreases the required concentration of this enzyme to the 
mullimicrogram range. If one accepts the lower limit of enzyme 
required as being that amount which will give a total initial 
rate equal to twice the spontaneous rate, then at pH 8.0 and 
with ao equal to 4 K 10-°M, the activity of 1.5 to 2.0 mug. of 
chymotrypsin per ml. can be readily determined by measurement 
of NP release at 400 mu. Ata favorable enzyme concentration 
(approximately 10 mug. per ml.), optical density versus time 
measurements for the determination of vo need be taken over 
only a 60-second time interval or less. 

It should be emphasized that the magnitude of the corrections 
for the spontaneous hydrolysis of CTN can be minimized or 
even eliminated by a decrease in the pH of assay. However, 
the decreased spontaneous hydrolysis rate obtained by opera- 
tion at pH values lower than 8.0 is at the expense of a reduction 
in the catalytic efficiency of chymotrypsin (cf. Fig. 4, B) and a 
decrease in €12° for the p-nitrophenolate ion (Fig. 2, B). Partial 
compensation for this loss in sensitivity can be achieved by 
measurement of CTN disappearance at 275 my, since €275, for 
this compound is independent of pH in the range of values 
herein discussed (Fig. 2, B). Alternatively, one could resort to 
the measurement of un-ionized NP at 320 my as was done by 
Dixon and Neurath (14) in their study of the chymotryptic 
hydrolysis of NPA at pH 5.5. 

A number of protein preparations, at relatively high con- 
centrations compared to the quantity of chymotrypsin necessary 
for the demonstration of NP release from CTN, were ineffective 
in promoting CTN hydrolysis. Thus, it would appear that this 
substrate could be utilized to advantage in those systems wherein 
chymotrypsin-protein inhibitor interactions are under investiga- 
tion. 

As reported (15), trypsin can also function as an efficient 
catalyst of CTN hydrolysis. Crystalline papain will also 
hydrolyze this substrate (38). It must be emphasized there- 
fore, that CTN cannot be considered as a chymotrypsin-specific 
substrate. Such data as pertain to the abilitv of various es- 
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terases to hydrolyze nitrophenyl esters of acylated and non- 
acylated amino acids will be the subject of a forthcoming report. 


SUMMARY 


A sensitive method for the determination of chymotrypsin 
activity with quantities of enzyme as small as 4.5 myg. has 
been described. This low enzyme requirement was achieved by 
the use of V-carbobenzoxy-L-tyrosine p-nitropheny] ester as the 
test substrate in conjunction with the techniques of spectro- 
photometry to measure initial reaction velocities. The proce- 
dure is not only extremely rapid and simple in its execution but 
is also suitable for kinetic studies within considerable variation 
of reaction solution parameters. Kinetic constants for the 
echymotryptic hydrolysis of this substrate have been determined. 
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The Intracellular Location of Phosphoprotein 


Phosphatase Activity 
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The rapid appearance of radioactivity in the phosphoprotein 
fraction of tissues after exposure to inorganic radiophosphate was 
first noted by Davidson etal. (1). This finding was subsequently 
confirmed in several laboratories for a variety of cell types (2-5). 
The physiological function of phosphoproteins is obscure, how- 
ever, since no direct evidence is yet available for their role in 
cell metabolism. Phosphoproteins such as casein can be phos- 
phorylated by an enzyme present in mitochondria with adenosine 
triphosphate as the phosphate donor (6-9). A specific enzyme, 
phosphoprotein phosphatase, is capable of hydrolyzing the 
ester linkage. The phosphatase was originally found in frog 
eggs by Harris (10), and it has been subsequently demonstrated 
in various tissues (11-13). We have recently reported on the 
properties of a phosphoprotein phosphatase occurring in the 
cytoplasmic particles of mouse liver (14). 

Construction of a hypothesis for the function of phosphopro- 
teins in metabolism would be considerably aided by, and must 
be in agreement with, knowledge of the intracellular sites of the 
enzymes concerned in their metabolism. The observations 
reported here concern the intracellular location of the particulate 
phosphatase, and the existence of a second phosphoprotein 
phosphatase in the soluble phase of the cell. In addition, a 
particulate endogenous inhibitor of the soluble enzyme has been 
demonstrated. 


EXPERIMENTAL 


The various cellular fractions were obtained as follows. Mouse 
liver was perfused in situ with saline solution, and a 10 per cent 
homogenate in 0.25 mM sucrose was prepared with the use of a 
glass tube with a motor-driven nylon pestle. The nuclear 
fraction was sedimented at 600 x g for 10 minutes in conical 
centrifuge tubes and washed once by centrifugation at the same 
speed. The supernatant fluid and washing were combined to 
form the cytoplasmic extract which was further fractionated 
(Spinco model L ultracentrifuge, No. 40 rotor) according to the 
schedule of de Duve et al. (15). The fractions examined con- 
sisted of the original homogenate; a nuclear fraction; two large 
granule fractions, the more rapidly sedimenting one termed 
mitochondrial, the less rapidly sedimenting one termed lyso- 
somal; a small granule fraction, termed microsomal; and the final 
supernatant fluid. Except for the division between the mito- 
chondrial and lysosomal fractions which was somewhat variable, 
the fractionation procedure was very reproducible. The mice 
were males of either the A/Ha or Ha/ICR Swiss strains. No 
strain differences were noted. 

Phosphoprotein phosphatase was assayed with casein as the 
substrate as described previously (14). Under these conditions 


the enzyme was activated to the extent of 95 per cent or more 
by the hypotonicity of the final reaction mixture. Addition of 
sucrose up to 0.5 m had no effect on the rate of an already 
activated enzyme sample. Since enzyme activity fell off 
at higher concentrations when crude tissue homogenates or 
fractions were employed, it was necessary to make a correction 
for this effect. To this end each fraction was assayed at three 
enzyme concentrations and the specific activity plotted against 
enzyme concentration. The specific activity of the enzyme, 
extrapolated to zero concentration, was taken as that of the 
fraction. The magnitude of this correction may be estimated 
from the fact that a doubling of enzyme concentration resulted 
in an average decrease of 15 to 20 per cent in specific activity. 

Acid phosphatase was assayed by a procedure similar to that 
for phosphoprotein phosphatase except that the substrate was 
0.05 m sodium $-glycerophosphate in 0.05 m sodium acetate 
buffer. The final pH was 5.2. 

Experiments on the properties of the enzymes present were 
carried out with the use of a total cytoplasmic particle prepara- 
tion or a high speed supernatant fraction. These were prepared 
from 10 per cent homogenates of liver in 0.25 mM sucrose plus 
0.14 mM NaCl. After removal of the nuclear fraction (600 x g 
for 10 minutes), the suspension was centrifuged at 105,000 x g 
for 30 minutes. The residue, washed once at the same speed, 
constituted the total cytoplasmic particles. The supernatant 
fluid was used without further treatment except in the kinetic 
experiments listed in Table II. In the latter the supernatant 
fraction was dialyzed overnight at 4° against 40 volumes of 
0.05 m NaCl, the resulting vellowish precipitate was removed 
by centrifugation, and the clear supernatant solution was used 
as the source of the enzyme. 


RESULTS 


Phosphoprotein Phosphatase: Total Activity—A typical result 
for the intracellular distribution of total phosphoprotein phos- 
phatase activity is shown in Table I. The finding that the 
lighter of the two large granule fractions (lysosomal) had the 
highest relative activity and total enzyme content suggested that 
this enzyme is not present in mitochondria but rather is located 
in particles similar to the lysosomes described in rat liver by 
de Duve et al. (15) and by Appelmans and de Duve (16). 

The most characteristic property reported for rat liver lyso- 
somes was the impermeability of their membrane to substrates 
for the various enzymes within the particle. This permea- 
bility barrier could be overcome by a short, temporary exposure 
of the particles to hypotonic conditions, which resulted in a lytic 
rupture of the particle membrane and a consequent increase in 
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TABLE I 


Intracellular distribution of phosphoprotein phosphatase activity 


Values are calculated for 1 gm. (wet weight) of tissue. Rela- 
tive activity is the specific activity of a given fraction (umoles 
of P per mg. of N per hour) relative to that of the original ho- 


mogenate. 


Phosphoprotein phosphatase 
Nitrogen | 
Total Per cent Relative 
activity | total activity 
| mg. pmole P/hr. 3 
Homogenate......... | 140 (100) (1.00) 
Mitochondrial....... 4.60 | 38.4 | 27 1.48 
Microsomal.......... | 4 0.27 
Supernatant......... | 8.74 36.7 | 0.75 
| 24.2 147 | 105 
© ACID PHOSPHATASE 
PHOSPHO PROTEIN 
© PHOSPHATASE 
> 
WwW 
> 0.5 
< 
- 
0.1 0.2 0.3 0.4 


MOLAR CONC. SUCROSE 


Fic. 1. The osmotic activation of phosphoprotein phosphatase 
and acid phosphatase. A combined mitochondrial plus lysosomal 
fraction was exposed for 5 minutes at 4° to the plotted sucrose 
concentration. During this step the particle concentration was 
0.2 that of the original tissue. An equal volume of substrate 
containing 0.5 mM sucrose was then added for assay at 37° for 20 
minutes. Variations in concentration from 0.25 to 0.50 M sucrose 
during assay had no effect on the rate with either enzyme of a 
fully activated preparation. 


enzyme activity. To test for this increased activity with phos- 
phoprotein phosphatase, the experiment described in Fig. 1 was 
carried out. It shows a parallel activation curve for both 
phosphoprotein phosphatase and acid phosphatase after exposure 
to a graded series of sucrose concentrations. Acid phosphatase 
is a typical lysosomal enzyme in the rat (15, 16), and we have 
observed that its behavior in the mouse, in both activation and 
fractionation experiments, is in agreement with such a location. 
It should be emphasized that the phosphoprotein phosphatase 
and acid phosphatase of mouse liver particles are distinct enzymes 
(14). 

Although phosphoprotein phosphatase is metal-activated 
(14), the shape of the activation curve was the same whether 
the enzyme was assayed with or without added metal activator. 

Additional evidence for the intracellular location of the particu- 
late phosphoprotein phosphatase is provided by the experiments 
of Figs. 2 and 3. In these the particles were ruptured and the 
enzyme activated either by exposure of varying duration to the 
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acid phosphatase by high speed blending. 
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action of a high speed blendor or by successive alternate freezing 
and thawing. 
phoprotein phosphatase were activated in a similar manner. 


In these cases also acid phosphatase and phos- 


These experiments lead to the conclusion that the phospho- 


protein phosphatase bound to particles is present in a structure 
having properties similar to those of the lysosomes of rat liver. 


Existence of Two Phosphoprotein Phosphatases—Approximately 


25 to 30 per cent of the total enzyme activity was invariably 
present in soluble form. The existence of this activity raised 
the possibility that two phosphoprotein phosphatases were in 
fact present, one bound to particles and the other free. Experi- 
ments to test this point showed that this was indeed the case. 
Both enzymes were metal- and sulfhydryl-dependent, and had 
pH optima below 6. They could be distinguished, however, 
on the basis of their substrate specificities and sensitivities to 
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SECONDS IN BLENDOR 

Fic. 2. The activation of phosphoprotein phosphatase and 
A combined mito- 
chondrial plus lysosomal fraction was exposed for varying lengths 
of time in a high speed blendor operated at 65 volts. The nominal 
rating of the blendor was 14,000 r.p.m. at 115 volts. During 
this step the particle concentration was 0.14 that of the original 
tissue. The enzymes were assayed in the presence of 0.30 
sucrose to prevent osmotic activation. A relative activity of 
1.0 was taken as that given by an enzyme sample blended 120 
seconds at 115 volts. 
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PHOSPHATASE 


RELATIVE ACTIVITY 


8 
NO. OF FREEZINGS 
Fic. 3. The activation of phosphoprotein phosphatase and 


acid phosphatase by alternate freezing and thawing. <A com- 
bined mitochondrial plus lysosomal fraction was alternately | 


frozen and thawed and successive aliquots assayed for enzyme | 


activity. Osmotic activation was prevented by the inclusion of 
0.30 M sucrose in the reaction mixtures. The particle concentra- 
tion was 0.14 that of the original tissue. 
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TABLE II 


Some properties of lysosomal and soluble 
phosphoprotein phosphatases 

For the kinetic experiments the partially purified preparation 
of the particulate enzyme described previously (14) or the di- 
alyzed supernatant solution described under ‘‘Experimental”’ 
was used. For the inhibitor experiment preparations of total 
cytoplasmic particles or the original supernatant solution was 
employed. Control activities in the latter case were 82.9 and 
22.0 uzmoles of P per hour per gm. of original tissue, respectively. 
Ammonium molybdate concentrations are expressed as moles of 
molybdenum per I. 


| Phosphoprotein phosphatase 
from 


| Lysosomes Soluble phase 
Kinetic constants | 
0.27 
Percentage inhibition by | | 
Ammonium molybdate | | 
1,10-Phenanthroline | 
p-Chloromercuripheny! sulfonate 


inhibitors, particularly ammonium molybdate. As described 
in Table II, the particulate phosphoprotein phosphatase showed 
both a higher activity and, strangely, a higher Michaelis constant 
on B- than on a-casein. It was also powerfully inhibited by 
ammonium molybdate. On the other hand, the soluble phos- 
phoprotein phosphatase was more active on a- than #-casein, 
had approximately equa] Michaelis constants for the two sub- 
strates, and was completely insensitive to ammonium molybdate. 

To validate these findings it was necessary to examine the 
possibility that these differences somehow reflected different 
physical states of the same enzyme rather than the properties 
of two distinct enzymes. To this end the properties of the 
original particle suspension and a solubilized particle-free prepa- 
ration of the enzyme were compared. The lysosomal enzyme 
was solubilized by exposing a sample of total cytoplasmic parti- 
cles to distilled water for 5 minutes at 4°. The suspension was 
returned to isotonicity for both sucrose and NaCl and centrifuged 
at 105,000 x g for 30 minutes. Approximately 40 per cent of 
the particulate enzyme was made soluble by this procedure. 
The solubilized enzyme was then compared with a sample of 
the original particle suspension. The results are noted in Table 
III. Within the limits of experimental error, solubilization and 
separation from the particle matrix effected no change in the 
properties of the particulate enzyme. Although a considerable 
fraction of the particulate activity is presumably released in 
soluble form under normal assay conditions of extreme hypoto- 
nicity, these experiments rule out the possibilities that attach- 
ment to particle surfaces or the presence of other particulate 
material affected the action of inhibitors. 

It is therefore clear that these properties of the particulate 
phosphoprotein phosphatase are independent of its physical 
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TaB_Le III 
Comparison of lysosomal phosphoprotein phosphatase 
in particulate and solubilized forms 
The control activities were 92.4 and 37.3 umoles of P released 
per hour per gm. of original tissue for the particulate and solu- 
bilized forms, respectively. 


Inhibitor | Particulate | Solubilized 
% inhibition 
Ammonium molybdate | 25 31 
Ammonium molybdate 10-5 | 7 66 
Ammonium molybdate | 81 
1,10-Phenanthroline 10-*m................ | 65 7 
1,10-Phenanthroline m................ | 83 82 
p-Chloromercuriphenyl sulfonate 10% 45 66 


state, whether bound to particles or free in solution, and that 
they are different from the properties of the enzyme present in 
the soluble phase of the cell. 

Quantitative Distribution of Particulate and Soluble Phospho- 
protein Phosphatases—To determine quantitatively the intra- 
cellular location of each activity separately, advantage was taken 
of the marked difference in sensitivity of the particulate and 
soluble enzymes to ammonium molybdate. This was done 
by measuring the activities of the separated cellular fractions 
in the presence and absence of 5 X 10-4 M ammonium molyb- 
date. This concentration of molybdate effects a nearly com- 
plete inhibition of the particulate enzyme. 

As seen in Table IV, the activity sensitive to molybdate was 
almost entirely restricted to the particles and showed a distribu- 
tion characteristic of a lysosomal enzyme. Only 5 per cent of 
this total activity was present in the soluble phase. The molyb- 
date-insensitive activity was nearly all soluble and, moreover, 
showed an abnormally high recovery. 

An abnormally high recovery could result from either activa- 
tion of the enzyme during the course of fractionation or separa- 
tion of the enzyme from an endogenous inhibitor. As described 
in Table V, reconstitution of the original homogenate from the 
separated fractions resulted in a return to the original activity. 
The fact that this effect was limited to the molybdate-insensitive 
activity strongly suggests the existence in the cytoplasmic par- 
ticles of an endogenous inhibitor, which acts on the soluble but 
not the lysosomal phosphoprotein phosphatase. 


DISCUSSION 


The rapid labeling of phosphoproteins in radiophosphate 
uptake experiments is the most significant fact concerning their 
metabolism; the other major available evidence may be sum- 
marized as follows. The phosphoprotein kinase reaction is 
Iccalized in mitochondria (8) but need not employ ATP generated 
intramitochondrially since Kennedy and Smith (5) have shown 
that energy supplied by anaerobic glycolysis will serve as well. 
Two phosphoprotein phosphatases are present, one in lysosomes 
and the other in the soluble phase. The existence of an en- 
dogenous inhibitor of the soluble enzyme suggests that the 
physiological regulation of this enzyme may be of some impor- 
tance. The phosphate in tissue phosphoproteins is present 
primarily as an O-serine ester (5, 17), and tissue concentrations 
of phosphoprotein phosphate are only 10 to 20 per cent of those 
of inorganic phosphate (4). Precise information on the intra- 
cellular location of phosphoproteins is not available, since pre- 
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TaBLe IV 
Intracellular distribution of molybdate-sensitive and 
-insensitive phosphoprotein phosphatases 
Values are calculated for 1 gm. (wet weight) of tissue. Rela- 
tive activity is the specific activity of a given fraction (umoles 
of P per mg. of N per hour) relative to that of the original ho- 


mogenate. 
The concentration of ammonium molybdate was calculated 


as moles of molybdenum per I. 


Fraction 
= 
Total nitrogen (mg.)..| 18.4 | 2.63) 1.71) 2.25 4.94, 8.40 19.9 
Phosphoprotein phos- | | | 
phatase | 
No molybdate pres- | 
ent | 
umoles of P per 
202 26 41 «(74 64 (226 
(100) |13 (20 = {10 32 {112 
relative activity... (1.00)) 0.90 2.16 2.99 0.39, 0.72 
5 X 10°-* mu molyb- | 
date present | | 
during assay | | | 
umoles of P per | | 
BE oc tas eee 46.3 | 7.2 | 4.4 | 3.8 | 3.3 | 56.3 | 75.0 
(100) 15 9 8 7 Wa 162 
relative activity. . (1.00) 1.08 1.02, 0.67, 0.27) 2.66 
Difference | | | 
ymoles of P per | | | | | 
156 19 36 70 18 | 8 (151 
100) 12 | 5 |97 
relative activity../(1. 00)) 0. 2.51 0.42) 0.11 
Inhibition by molyd- | | | | | | 
date (%)........| 7 (72 89 (95 (84 | 19 


viously reported values (4) were obtained with fractions isolated 
from dilute acid, salt, and distilled water suspensions. 

The high rate of metabolic turnover and the existence of a 
phosphoprotein kinase suggest a role for phosphoprotein in 
transphosphorylation reactions in which the phosphate donor is 
ATP. Since the ester bond in phosphoproteins would be at 
too low an energy level to permit return of the phosphate to 
ATP, the resulting phosphoproteins may undergo hydrolysis or 
participate in group transfer of either the phosphate or protein. 
It is possible that the phosphatases described here also possess 
transferase activity. 

The occurrence of direct hydrolysis as the predominant reac- 
tion would imply that phosphoprotein functions as a reservoir 
or storage form of inorganic phosphate. Tissue concentrations 
of phosphoprotein are too low to permit such a function except 
in small delimited cell compartments. The intracellular loca- 
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TABLE V 


Activity of reconstituted homogenate showing presence 
of endogenous inhibitor 


Differ- 
ence 


5 X 1074 


No 
Fraction* addition mM Mo 


pmoles P/hr./gm. original tissue 


175 45 130 
170 19 151 
Sediment plus supernatant (found)...| 194 47 147 
Sediment plus supernatant (expected) .| 222 70 152 


* Sediment represents the total material sedimented at 105,000 
x g for 30 minutes from a 10 per cent homogenate in 0.25 m su- 
crose and washed once at the same speed. Supernatant is the 
combined first supernatant fraction plus washing. Sediment 
plus supernatant is the two fractions combined in necessary 
proportion to reconstitute the original homogenate. 


tions of the phosphatase activities are not compatible with this 
possibility since one activity is soluble and the other is in a 
particle of which the membrane is impermeable to phospho- 
protein. It therefore appears more probable that group trans- 
fer rather than direct hydrolysis is the normal function. Evi- 
dence that phosphate group transfer can proceed in this way 
was recently reported by Agren and Engstrom (18) for the 
hexokinase reaction. 

Of some interest is the question of why liver contains two 
enzymes for carrying out what is apparently the same reaction. 
It is possible that the lysosomal phosphoprotein phosphatase 
functions weakly if at all in vivo, since it is present in a particle 
enclosed by a membrane which is largely, if not completely, 
impermeable to the substrate. If the lysosomal enzyme does 
function, it is perhaps necessary that the rate of removal of 
phosphate from protein be under separate metabolic control in 
different parts of the cell, or that the two enzymes employ dif- 
ferent acceptors in a transferase reaction in vivo. 


SUMMARY 


1. Two phosphoprotein phosphatases are present in liver. 
One appears to be in the lysosomal fraction; the other is soluble. 
2. The two enzymes can be distinguished on the basis of their 
kinetic constants and susceptibilities to inhibitors, especially 
ammonium molybdate. The particulate enzyme is very power- 
fully inhibited by this compound but the soluble activity is 


insensitive. 


3. There is also present an endogenous inhibitor of the soluble | 
enzyme which has little if any effect on the particulate enzyme | 


in the lysosomal fraction. 

4. The two enzymes are both sulfhydryl- and metal-dependent 
and show optimal activity below pH 6. 

5. The possible metabolic role of phosphoprotein is diccussel 
in the light of these and other findings. 
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Tryptophan Peroxidase-Oxidase, Histidase, and Transaminase 
Activity in the Liver of the Developing Rat* 
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There has been considerable interest on the part of embryol- 
ogists, biochemists, and pediatricians in studies on the develop- 
ment of various enzyme systems during the fetal, neonatal, 
and adult life of animals. Much of this literature has been 
reviewed recently (1). Studies in Kretchmer’s laboratory 
(2-5) have indicated that the hepatic tyrosine oxidation and 
phenylalanine p-hydroxylase systems develop at or shortly after 
birth. We have extended these studies to a tyrosine trans- 
aminase system and have also investigated the development of 
a number of other enzymes of rat liver that catalyze the metabo- 
lism of aromatic amino acids. 


EXPERIMENTAL 


The enzyme activities determined were tyrosine (a-keto- 
glutarate), phenylalanine (a-ketoglutarate) and phenylalanine 
(pyruvate) transaminases, tryptophan peroxidase-oxidase, and 
histidase. The determinations were carried out on livers of 
rats ranging from 5 days before birth to 100 days of age. Albino 
rats of both sexes and gravid females whose pregnancy was 
dated to within the nearest day were obtained from the Holtz- 
man Rat Company, Madison, Wisconsin. All animals were 
killed by a sharp blow on the head and exsanguinated from the 
neck. The livers were removed, washed in cold running water, 
and weighed to the nearest 0.1 gm. The fetuses were removed 
from the female, placed on ice, and their livers removed for 
weighing within 5 minutes. The livers were homogenized in a 
chilled, stainless steel microhead Waring Blendor for 2 minutes 
with 7 volumes of ice-cold 0.14 m KCl containing 0.0025 n 
NaOH. In the case of rats vounger than 21 days of age, the 
livers from litter mates were pooled before homogenation. The 
enzymatic activity of the livers of older rats was determined 
individually. The 200 to 250-day-old group consisted of preg- 
nant or lactating mothers of some of the younger animals. 

The homogenate was used directly for the assay of tryptophan 
peroxidase-oxidase by the method of Knox and Auerbach (6) 
and for the determination of dry weight. The remainder of 
the homogenate was centrifuged for 45 minutes at 25,000 x g 
at 0°. The supernatant fraction was then used for the assay 
of the tyrosine (a-ketoglutarate), phenylalanine (pyruvate), 
and phenylalanine (a-ketoglutarate) transaminases by the 
borate-arsenate method of Lin et al. (7, 8) and for the histidase 


* This investigation was supported in part by Research Grant 
CY -3258 from the National Institute of Health and by an institu- 
tional grant from the American Cancer Society. 

+ Present address, Department of Pediatrics, Temple Uni- 
versity, Philadelphia, Pennsylvania. 
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assay according to Tabor and Mehler (9). All enzyme activities ) 
are expressed in terms of wmoles of product formed per hour at , 
38°, per gm. (dry weight) per liver, or per 100 gm. of body | 
weight. | 

The adaptive nature of the rat liver tryptophan peroxidase. . 
oxidase system was investigated by determination of enzyme } 
activity after intraperitoneal injection of L-tryptophan in fine _ 
suspension in a dose of 150 mg./100 gm. of body weight given 5 / 
hours before the animals were killed. 


RESULTS AND DISCUSSION 


Table I gives the liver tryptophan peroxidase-oxidase activity 
of rats of various ages. The values for body and liver weights 
and the number of animals per group given for untreated animals 
pertain also to the data for the enzyme systems described in 
Tables II and III. | 

None of the enzymes measured was detected earlier than 1 or 
2 days before birth. At birth, both phenylalanine transaminases 
and tyrosine transaminase activities (expressed per gm., dry 
weight) were high but by the 21st day of age, the activities of 
these enzymes reached lower values. Lin (7) found a linear 
relationship between the logarithm of body weight and the 
logarithm of the total liver enzyme activity divided by body 
weight, for these enzymes, when comparing animals of different 
species and thus different weights. Our data on the developing | 
rat failed to reveal such a relationship. The data for tyrosine | 
transaminase support the results of Kretchmer and McNamar ) 
(3) in which the over-all tyrosine-oxidizing ability of fetal, — 
newborn, and adult livers was studied. 

Tryptophan peroxidase-oxidase activity could not be demon- 
strated, within the limits of the method employed, until the 12th | 
day of age. Thereafter, the enzyme activity per gm., dry weight, — 
of liver and per 100 gm. of body weight attained adult levels. 
It is interesting to note, however, that after the administration ' 
of tryptophan the enzyme could be demonstrated on the 3rd day. , 
This was the earliest day when it proved feasible to administer | 
the injection of the suspension of tryptophan. Although adult 
rats responded to tryptophan administration by an increase iD 
the tryptophan peroxidase-oxidase activity of approximately! 
10-fold, rats 2- to 3-weeks-old exhibited smaller increases. Be-— 
cause of the very low level of tryptophan peroxidase-oxidas 
found in rats less than 12 days of age, it is impossible to estimate. 
the degree of adaptive response in such animals. However, !/ 
one assumes that the dose of tryptophan used would, within 5} 
hours, elicit the maximal amount of enzyme which can be pr 
duced by the enzyme-forming system, then the data strongly 
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TABLE I 


Variation of body and liver weight and of tryptophan perozidase-oridase in normal and in 


tryptophan-treated animals as function of age 


Age 


No. of 


Untreated animals 


Treated animals* 


| 


Tryptophan peroxidase-oxidase; umoles 


Tryptophan peroxidase-oxidase; 


animals kynurenine formed per hr. | | umoles kynurenine formed per hr. 
Body weight Liver weight Body weight Liver weight | 
| per 0 | | Ber Winer | 100 
days gm. gm. gm. gm. | 
—5 10 0.08 | 
—3 12 2.24 0.18 | 
—2 7 4.34 0.33 | 
— 11 3.42 0.27 | <1 <0.1 <0.8 | 
<1 8 6.56 0.26 <1 <0.1 <0.8 
1 8 6.46 0.31 <1 <0.1 <0.8 
3 8 7.9 0.36 <1 <0.1 <0.8 10.6 0.43 2.5 0.19 1.2 
9) 8 11 0.40 <1 <0.1 <0.8 12 0.41 2.6 0.20 1.6 
7 8 14 0.51 <1 <0.1 <0.8 17 0.51 2.3 0.21 1.2 
9 8 22 0.69 <1 0.13 <0.8 22 0.56 4.8 0.52 2.3 
12 8 24 0.66 1.5 0.20 0.81 29 0.77 7.5 1.14 3.9 
16 8 37 1.3 7.4 2.4 6.5 34 1.2 27.8 6.9 20.3 
21 8 53 1.9 10.5 5.1 9.6 60 2.6 27.1 17.0 28.4 
33 8 113 4.9 8.5 10.3 9.3 110 4.4 85.6 88.3 80.1 
62 30 221 10.2 8.5 20.1 10.7 
39 161 6.6 
95-119 Tos 370 11.8 
14.1 30.7 11.4 
59 220 
200-250T 79 311 11.1 10.4 29.8 9.6 319 10.2 99 257 83 


*L-Tryptophan in suspension (150 mg./100 gm. of body weight was given by intraperitoneal injection 5 hours before the animal was 


killed. 


t The 200 to 250-day-old group consisted of the pregnant or lactating mothers of some of the younger animals. 


histidase in normal animals as function of age* 


TABLE II 
Variation of tyrosine (a-ketoglutarate) transaminase and 


TABLE III 


Variation of phenylalanine (pyruvate) and phenylalanine 


group are given in Table I. 
t The 200 to 250-day-old group were the pregnant or lactating 
mothers of some of the younger animals. 
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of animals. 


Tyrosine (a-ketoglutarate) Histidase; umoles urocanate (a-ketoglutarate) transaminases in normal animals 
as function of age* 
days ary weight) dry weight | wetghi transaminase; wmoles phenyl- | transaminase; xmoles 
—5 <30 <3 <50 |<1 <0.1 <2 _ pyruvate formed per hr. pyruvate formed per hr. 
—3 30 3 50 1 0.1 2 | | 
—1 99 4.5) 143 | 3.4 0.17, 5.0 —5 <30 <30 <3 | <50 
<1 465 27 415 | 8.2 0.48 | 7.4 —3 <3 | <3 | <& <30 <3 | <@ 
1 1110 53 834 | 11.0 0.53 8.4 —2 3 | <3 | & | <O | <3 | <8 
3 422 24 304 | 13.8 0.79 10.0 a 247 So |. wa 375 18 545 
5 913 87 791 | 12.8 1.23] 11.2 <1 418 12 | 185 455 a | 415 
7 330 32 222 | 13.6 1.33} 9.2 1 595 29 | 458 805 39 «616 
9 270 39 177 | 8.9 1.27; 5.8 3 607 | 35 | 442 564 2 | 405 
12 472 62 258 | 10.0 1.32) 5.5 5 487 | 58 527 | 661 64 582 
16 609 196 530 | 14.1 5.5 | 14.9 7 585 | 57 396 470 46 | 320 
21 439 | 214 404 | 37.8 18.4 | 34.8 9 434 | 82 374 | 437 63 | 287 
33 405 | 489 446 | 54.07 | 66.5 | 58.6 12 556 | 73 304. «578 76 | 316 
50.49 | 51.4 54.1 16 455 | 146 394 = 400 129 349 
62 473 | 1108 577 | 627 =| 183 83 21 294 | 142 268 | 274 | 134 253 
166 295 183 33 129 16 1 143 | 
95-119 390 | 946 300 110607 322 86 62 222 | 534 280 | 245 534 296 
329 9 490 220 95-119 330 752 245 | 377 826 267 
200-250 333 | 1138 363 |1999 608 194 200-250 226 693 223 | 198 552 178 
5}  * Values for body and liver weights and number of animals per * See Table I for values for body and liver weights and number 


t The 200 to 250 dav old group were the pregnant and lactating 


mothers of some of the younger animals. 
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suggest that the development of the enzyme-forming system it- 
self is being measured. Thus, small amounts of the enzyme- 
forming system may be present as early as 3 days of age, but the 
bulk of this system does not appear to develop until after the 2nd 
week of life. 

Tryptophan peroxidase-oxidase activity was not found in 
Novikoff hepatoma (10) nor in Chang liver cells grown in tissue 
culture (11); both of these were originally derived from liver. 
Tryptophan administration failed to elicit enzyme activity in 
these tissues. In the rat, tryptophan injection elicits enzyme 
activity even at an age when tryptophan peroxidase-oxidase 
ean not be demonstrated in untreated animals. The data on 
the Novikoff hepatoma and the Chang line cells therefore sug- 
gest that these cells were not derived from parenchymal liver 
cells or that they were altered during propagation. 

It is well known that dietary tryptophan can be converted 
to nicotinic acid, and that a nicotinic acid deficiency can more 
easily be induced in an animal receiving a diet low in tryptophan. 
Firth and Johnson (12) have reported the interesting finding 
that pigs developed a transitory nicotinic acid deficiency within 
2 to 3 days after birth even when fed high levels of tryptophan. 
Severe symptoms of the deficiency such as diarrhea, vomiting, 
dehydration, and weakness disappeared within 24 hours after a 
small dose of nicotinic acid (1.3 mg.); thereafter the pigs seemed 
to be able to synthesize adequate amounts of nicotinic acid 
presumably from dietary tryptophan. These observations 
are consistent with our finding that, in the rat, tryptophan per- 
oxidase-oxidase, which catalyzes the first step in the conversion 
of tryptophan to nicotinic acid, is absent in young animals 
but is found in older animals. Thus, very young rats may re- 
quire proportionately more dietary nicotinic acid than older 
rats. 

The changes in histidase activity with age present an interest- 
ing picture. The enzyme appeared 1 day before birth, remained 
at a low level of activity until the 3rd week of life, and then in- 
ereased rapidly. Although the activity of this enzyme was 
about the same in male and female animals at 33 days of age, 
the activity subsequently increased in female animals much more 
rapidly than in male animals. Two groups (13, 14) working 
exclusively with male rats have reported that older animals 
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histidine is an essential amino acid for the rat (15), it is interesting 
to speculate that a balance may exist between histidine catabo- 
lism and the incorporation of histidine into protein. Thus up 
to the 16th day of age the low total liver content of histidase (or 
expressed as the activity per 100 gm. of body weight), might 
permit an adequate supply of histidine for the synthesis of 
protein during this period of rapid growth. Adult female 
animals grow proportionally more slowly than adult male ani- 
mals and therefore should require less histidine for protein syn- 
thesis. We have consistently observed more histidase activity 
in adult females than in male animals of the same age. It 
is not likely, however, that the concentration of circulating 
histidine is the factor that controls the amount of enzyme present, 
since experiments in which histidine was given by injection to 
5-week-old rats of both sexes failed to increase the level of liver 
histidase (16). 

The present results do not indicate a uniform pattern for the 
development of the enzymes studied. Each appears at a dif- 
ferent age early in the life of the animal. Additional enzyme 
svstems must be studied before a logical developmental pattern 
as well as an understanding of the controlling mechanisms 
may be expected to emerge. 


SUMMARY 


The activities of tyrosine (a-ketoglutarate), phenylalanine 
(pyruvate), phenylalanine (a-ketoglutarate) transaminases, 
tryptophan peroxidase-oxidase, and histidase were determined 
in the livers of rats of various ages from before birth to about 
3 months of age. 

The three transaminase activities appeared at birth. Both 
phenylalanine and tyrosine transaminases were high at birth 
but were lower by the 21st day in the rat. The tryptophan 
peroxidase-oxidase system was not demonstrated in untreated 
animals before 12 days of age. Histidase activity was low from 
1 to 16 days, but an increase which was more rapid in females 
than in males followed. 

Injection of tryptophan 5 hours before the animals were killed 
indicated that the animals were able to synthesize small amounts 
of tryptophan peroxidase-oxidase during the period when this 


had higher histidase activity than did younger animals. Since enzyme was not detected in untreated animals. 
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It has been shown that insulin can be rapidly degraded by 
liver in vitro and that insulin-I'*! is useful for studying this process 
(1-3). Mirsky and Perisutti (4) have presented the hypothesis 
that a single enzyme with a relatively high degree of specificity 
for insulin is present in liver. Degradation by liver prepara- 
tions of other hormones, such as glucagon (5, 6) and corticotropin 
(7), has been reported. Results from earlier work in this labora- 
tory suggested that a liver enzyme system may degrade several 
protein and peptide hormones (8). Since the number of enzymes 
comprising this system was not known, a program of purifica- 
tion was initiated. 

This report concerns the isolation of a beef liver enzyme which 
promotes the degradation of insulin. 


EXPERIMENTAL 


Assay System 


Purification of the enzyme was followed with the use of in- 
sulin-['3!! as substrate and by means of a modification of a 
previously described assay (2). Kach reaction was carried out 


ina 12-ml. centrifuge tube in a system containing a buffer of 
0.1 Mm potassium phosphate,? pH 7.5, with 5 Versene 


| (the disodium salt of ethylenediaminetetraacetic acid). 


the mixture immediately placed in a 37°-bath. 


A quan- 
tity of phosphate buffer and 0.1 ml. of 0.02 m GSH were 
combined such that the addition of 5 to 100 wl. of a liver prep- 
aration brought the volume to 1 ml. A ml. of substrate solu- 
tion, 0.4 to 0.5 we. (<5 ug.) of dialyzed insulin-I'*' with 0.1 
mg. of amorphous insulin! in phosphate buffer, was added and 
15 seconds 
before terminating the 5-minute incubation with 3 ml. of 10 
per cent trichloroacetic acid, 1 ml. of a 2 per cent solution of 
dried human plasma was added as carrier protein. 10 incuba- 
tions begun at 30-second intervals could be run within a 10- 
minute period. The precipitates and supernatant fractions 


_ were prepared and counted in the manner described previously 


(2). Enzymatic activity was expressed as the percentage of 
radioactivity in the supernatant fraction per mg. of liver pro- 
tein. Thus, a unit of activity is the amount of liver protein, 


* This investigation was supported by Research Grants A-575 
and A-761, from the National Institute of Arthritis and Metabolic 
Diseases, National Institutes of Health, United States Publie 
Health Service. 

' Crystalline zine insulin (Lilly), assaying 27 units per mg., was 
radio-iodinated by Abbott Laboratories. Amorphous insulin, 


assaying 21 units per mg., was a gift of kh Lilly and Company. 

Mm potassium phosphate, pH 7.5, containing 5 10-4 mM 
Versene (ethylenediaminetetrancetate) will henceforth be desig- 
hated as phosphate buffer. 


in mg., which will, in 5 minutes at 37°, render 1 per cent of the 
radioactivity of insulin-I'*' soluble in trichloroacetic acid. Pro- 
tein values were determined by the method of Lowry et al. (9). 
Ability of liver preparations to degrade insulin-I™ was rapidly 
determined under these conditions. In the lower range of 
values for percentage supernatant radioactivity, the extent of 
degradation of insulin-I'*! was in direct proportion to the con- 
centration of liver proteins, as shown in Table I, A. In addi- 
tion, upon fractionation of a given liver preparation under mild 
conditions, satisfactory recovery of total activity in the resultant 
fractions could be demonstrated by this assay (Table I, B). 


Purification Procedure 


Liver Powder—This was prepared from fresh beef liver by a 
procedure similar to one used to prepare pancreatic powder 
(10). Immediately after removal of a 5-kg.’ liver from a steer, 
the organ was kept on ice and brought to the laboratory cold 
room for processing. Unless otherwise noted, purification was 
carried out at 5°. The liver was perfused with cold water to 
remove blood from the main vessels. All fibrous matter was 
removed before the remaining 4 kg. of liver tissue were passed 
through an electric meat grinder with a sieve containing 3-mm. 
holes. This grinding was repeated four more times to vield a 
mixture with a mushy consistency. 

Four volumes of cold acetone were added to the paste, and the 
mixture was stirred for 5 hours. The suspension was filtered 
in two 10-inch diameter Buchner funnels through Whatman 
No. 1 filter paper, and the precipitate was washed with acetone. 
3 volumes of acetone were added to the precipitate and the 
mixture was stirred another 5 hours, filtered, and washed. The 
procedure was repeated after stirring for 10 hours. The pre- 
cipitate was then shaken for 12 hours with 2 volumes of acetone- 
ether (1:1) in a 10-1. bottle. The precipitate was collected by 
filtration and washed and then was shaken for i2 hours with 2 
volumes of ether. After a second shaking with 2 volumes of 
ether for 12 hours, the filtered precipitate was allowed to air-dry 
at about 5°, preferably in open air. When the odor of ether 
was no longer evident, the tan powder was placed in vacuum 
desiccators over silica gel. The vield of powder from 4 kg. of 
processed liver tissue was 900 gm. 

Extraction of Liver Powder—90 gm. of liver powder were 
ground with mortar and pestle and stirred with 1.4 1. of 0.1 M 
tris(hvdroxymethylaminomethane, pH 7.5, for 2.5 hours. 
After centrifuging, the extract was passed through glass wool, 


3 Approximate values are given in the description of the puri- 
fication procedure. 
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TABLE I columns, each filled to a depth of 18 cm. with equilibrated resin, 
Evidence for adequacy of insulin-I'* assay system Buffer, 5 X 10-? M citrate, pH 5.63, with 1 x 107% m Versene, 
‘ a was then added in excess of the hold-up volume. Ammonium 
Weight of 
A nn redloactivity* activity! sulfate was added to the 1.6 1. of protein-containing eluate to a 


saturation of 0.85. After centrifugation after 30 minutes, the 


sie —" precipitate was dissolved in 100 ml. of phosphate buffer and _ 
was frozen. | 
| 11 Ammonium Sulfate Fractionation—After thawing, the in 
tei wheat 0.60 5.4 9 crease in volume over that of the 100 ml. of buffer was assumed — 
Dialyzed ei 1.20 8.4 7 to be due to residual 0.85-saturated ammonium sulfate. Upon | 
dilution with buffer to an ammonium sulfate saturation of 0.1, 
12-18% Ethanol fraction. ..| 0.0012 2.5 2,080 the resultant 180 ml. of brownish yellow solution contained !0 
12-18% Ethanol fraction. ..| 0.0024 4.7 1,960 mg. of protein per ml. After the addition of ammonium sulfate 
12-18% Ethanol fraction... 0.0048 9.1 1,900 to 0.5 saturation, the mixture was centrifuged. The procedure 
12-18% Ethanol fraction... 0.0096 12.8 1,330 was repeated at 0.60 and 0.85 saturation with ammonium sul- 
‘ Specific Total weight Cuneh cheat re final precipitate was brought to 50 ml. with phos- | 
mg. Ethanol Fractionation—The solution containing protein pre- | 
Preparation | cipitating between 0.60 and 0.85 saturation with ammonium ~ 
Collected proteins..........) 155 1,870 289, 800 sulfate was dialyzed overnight against 4 1. of deionized water — 
| containing 1 X 10-3 m Versene, with one change of dialyzing 
Fraction of collected | | medium. The pale brownish yellow solution contained 4 mg. Ps 
teins precipitating with — | of protein per ml. after adjustment of the volume to 126 ml. | 
sulfate | with deionized water. After addition of 1.4 gm. of MgCl,-6H.0 | 
0-0.50 saturation.........| 936 | 32,750 
431 52,640 and l4 ml. of 0.25 citrate buffer, pH 58, 19.1 ml. of chilled 
| 532 178, 308 redistilled absolute ethanol were stirred into the solution which | 
1,899 263, 698 was placed in a bath at —2°. After additional stirring for3 | 
| 102% of | 91% of col- minutes, the mixture was centrifuged at —5°. Upon the addi- : 
collected lected tion of 11.63 ml. of absolute ethanol to the supernatant fraction * 
proteins proteins and centrifugation, the precipitate, protein-insoluble in ethanol = * 
; penne concentrations between 12 and 18 per cent, was dissolved in 4 
* Corrected for approximately 1 per cent trichloroacetic acid- @ 
nonprecipitable radioactivity. 
+ Specific activity = corrected percentage of supernatant N , 
radioactivity per mg. of protein. 
t Total activity = specific activity X total mg. of protein. Sy 250; 8S : 
then dialyzed against 18 1. of distilled water for 18 hours with  £ 150. : 
one change of water. 1.3 1. of reddish brown dialyzed extract § 100 ed 
contained 12 mg. of protein per ml. tl 
Treatment with Amberlite XE-64—Ion exchange resin with ‘ 100 f 
“settling-time” in water between 2 and 15 minutes was used. @ 8 12 16 20 24 28 3 % 40 44 48 52 5% 6O OF 8 7% c( 
The resin was treated with 4 Nn HCl for 1 day, washed with ee p. 
water, and then adjusted to a pH of 5.6 with 2N NaOH. Resin Fic. 1. Zone electrophoretic purification of the insulin -degrad- ec 
ing enzyme from ethanol-fractionated liver protein. @——®, ™ 


equilibrated after treatment with several changes of 0.05 
citrate, pH 5.63, containing 5 10-° m Versene, was stored at | (s 
5° with thymol as preservative. ) 


For reactivation, used resin from 2 columns was left over- TaBLe II fw 
night in 800 ml. of 1 m NaCl adjusted to pH 8 with NaOH. Purification and recovery of tsolated enzyme cl 
This was followed by overnight treatment with 10 gm. of BRIJ 3 i — N 
(polyoxyethylene lauryl alcohol)‘ in 2 1. of hot water adjusted | Total Specific | Purifica-| Re- tic 
to pH 8. After washing until the odor of BRIJ was no longer 
noticeable, 3 volumes of 4 N HC] were added to the resin and pes 6 
the mixture was heated on a steam bath for 1 day with occa- meg. times % 
sional stirring. Treatment with BRIJ and HCl was repeated  Dialyzed extract*..... 15,600 | 343,200 22 : 
until the color of the resin matched that of unused resin. Collected proteins..... 1,775 | 257,400 145 6.5 | 75 “ 

The dialyzed extract was mixed with 0.5 volume of 1 M citrate, 0.60-0.85 saturation — | 
pH 5.63, and 0.5 volume of 0.1 mM Versene. This was passed with (NH4)2SO,..... 458 137,280 , 300, 14 40 
at a rate of 3 ml. per minute through one of two 7-cm. diameter 0.12-0.18 ethanol. ..... od | 85,800 | 1,500 | 68 29 thi 

Active peak........... ! S | 41,184 5,148 | 234 12 


*BRIJ 35, polyoxyethylene lauryl alcohol, obtained from the 
me 


Atlas Powder Company, Wilmington, Delaware. * 90 gm. of liver powder. 
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ml. of 0.01 M phosphate buffer, pH 7.5, with 5 & 10-3 mM Versene. 
After overnight dialysis against 500 ml. of the same buffer 
with one change, the 6 ml. of pale yellow solution contained 10 
mg. of protein per ml. 

Zone Electrophoretic Purification—Washed technical grade of 
potato starch (11) was used in an electrophoretic apparatus 
recently described by Goldsworthy® and Volwiler (12). The 
solution containing 12 to 18 per cent ethanol-precipitable pro- 
tein was lyophilized to 3 ml. One-half of this volume was 
applied 9 cm. from a short side of each of two blocks contain- 
ing potassium phosphate, pH 8.0, ionic strength, 0.075. A 
current of 25 ma. per block (500 to 600 volts) was applied for 
16 to 17 hours. A lengthwise strip 1 em. wide was cut from 
each block, and this in turn was sliced into 5-mm. segments 
with a multiblade cutter. After elution of protein within each 
segment with | ml. of water, aliquots were taken for protein 
analysis as well as for enzymatic activity. Fig. 1 shows the 
results from a representative starch block. The portion of 
each block containing material of a constant specific activity 
(enzyme units per mg. of protein) was eluted and the eluate 
combined with the remains of the corresponding segments of 
the lengthwise strip. The 60 ml. of enzyme solution containing 
0.15 mg. of protein per ml. were essentially colorless at this 
high dilution. The constant specific activity of the eluates of 
a portion of the starch block of approximately 0.1 of its entire 
length indicates that the activity has been isolated in a highly 
purified form. 

Protein which migrates considerably more slowly in the buffer 
system used contains activity which degrades glucagon.® Cur- 
rently, efforts to purify this activity further are in progress. 

Table II shows in general the extent of purification and_ re- 
covery of the isolated insulin-degrading enzyme at each step 
of the process. The values for both purification and recovery 
may be low since the presence of more than one insulin-1"!- 
degrading activity in liver powder is not unlikely. 


Further Evidence of Homogeneity of Isolated Enzyme 


Sedimentation Diagram—\tnzyme isolated by several runs 
through the preparatory procedure was combined and_ ly- 
ophilized. The sedimentation pattern of this material at a 
concentration of 11.7 mg. per ml. in 0.01 M potassium phosphate, 
pH 7.5, was determined with the use of an analytical ultra- 
centrifuge.’ Fig. 2 shows a resultant pattern which gives no 
Indication of inhomogeneity. The sedimentation constant 
(8) was 3.08. 

Paper Electrophoretic Patterns—Since not enough material 
was available for a moving boundary electrophoresis, paper 
electrophoretic patterns were determined in two buffer systems. 
These results shown in Fig. 3 demonstrate the effective separa- 
tion of the enzyme from contaminating protcins present subse- 
quent to ethanol fractionation. 


DISCUSSION 


The high degree of purity of the isolated enzyme is indicated 
by the constant specific activity of the active peak after starch 


*The authors are indebted to Dr. P. D. Goldsworthy for use of 
this equipment and for his kind assistance. 

®§ Unpublished results. 

’The authors are grateful to Mr. R. D. Wade of the Depart - 
ment of Biochemistry for this determination. 


H. H. Tomizawa and Y. D. Halsey 


Fic. 2. Sedimentation diagram of the purified insulin-degrad- 
ing enzyme in 0.01 M potassium phosphate, pH 7.5. This pattern 
was obtained after 88 minutes at 59,160 r.p.m. with the Spinco 
model FE ultracentrifuge. 


Fig. 3. Paper electrophoretic patterns of the ethanol-frac- 
tionated liver protein (A and C) and of the purified enzyme subse- 
quently isolated by zone electrophoresis (B and D). Upper 
patterns were obtained with the use of potassium phosphate, pH 
8.0, ionie strength 0.1. Lower patterns were obtained with the 
use of diethylbarbiturate, pH 8.6, ionic strength 0.05. 


block electrophoresis. Results from the determination of paper 
electrophoretic and ultracentrifugal patterns are corroborative 
evidence indicating a highly effective separation from other 
proteins. 

Although insulin-I*' was the measurable substrate used for 
following the purification of this enzyme, it is certain that in- 
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sulin itself is a substrate. Upon incubation of insulin in phos- 
phate buffer with a sulfhydryl compound such as GSH or 2-mer- 
captoethanol, the addition of this enzyme greatly increases the 
rate at which the solution becomes turbid. Along with this 
is an increase in the amount of trichloroacetic acid-soluble 
material from insulin.6 Although the isolated enzyme may 
promote the cleavage of peptide bonds of insulin, enzymatic 
reductive cleavage of disulfide bonds, a possibility investigated 
by Racker (13) and by Narahara and Williams (14), must also 
be considered. 


SUMMARY 


A highly purified enzyme which promotes the degradation of 
insulin has been isolated from beef liver. The usefulness of an 
I8t_Llabeled protein as substrate for developing a procedure for 
enzyme purification has also been demonstrated. 


Acknowledgments—The authors wish to thank Dr. R._H,. 
Williams for his encouragement and support, and Mrs. Ann 
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The Proteins of Bovine Pancreatic Juice 
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In a recent investigation, a chromatographic procedure was 
developed for the complete resolution of the protein components 
of bovine pancreatic juice, collected by way of a pancreatic 
cannula from yearling steers (1). The methods developed dur- 
ing that investigation have now been applied to a study of the 
relative rates of synthesis of each of the cationic, pancreatic 
proteins, trypsinogen, chymotrypsinogen-A,! and ribonuclease, 
using S**-cystine as a label. In the present communication 
these data are reported and discussed in terms of the kinetics of 
synthesis of these pancreatic proteins. 


EXPERIMENTAL 


Materials 


S*°-labeled L-cystine with a specific radioactivity of 16 me. 
per gm. was purchased from Abbott Laboratories, North Chicago, 
Illinois. DEAE-cellulose was prepared in this laboratory ac- 
cording to the procedure of Petersen and Sober (4); XE-64 
was purchased from Bio-Rad Laboratories, Berkeley, California. 
Crystalline trypsinogen (Lot No. 522) and soybean trypsin 
inhibitor were obtained from the Worthington Biochemicals 
Corporation, Freehold, New Jersey; crystalline ribonuclease was 
purchased from Armour and Company, and chymotrvypsinogen-A 
(9 times crystallized) was prepared by W. J. Dreyer in this 
laboratory. 


Methods 


Collection of Pancreatic Juice—A 200-kg. yearling steer was 
operated, as previously described (1), for the purpose of insert- 
ing a fistula into the pancreatic duct. 4 me. of S**-L-cystine 
(250 mg.) were injected into the jugular vein of the animal, 
to achieve a dosage of 2 uc. per kg. of weight. Pancreatic juice 
was collected continuously for a period of 8 hours after injection 
of the radioactive cystine, into 8 vessels which were changed 
at intervals of 1 hour. In order to compensate for the loss of 
electrolytes, Ringer’s solution was administered intravenously 
to the animal during collection of the pancreatic juice. As a 
precautionary measure against activation of the zymogens, 
the collecting vessels were kept in ice and each vessel contained 
d ml. of a 0.1 per cent solution of soybean trypsin inhibitor. 
Immediately after collection each sample was frozen and sub- 
sequently was lyophilized for storage as a dry powder. 


'The abbreviations used are: DEAE-cellulose for diethyl- 
aminoethyleellulose; DFP for diisopropylphosphorofluoridate. 
Following the precedent set by Dixon and Webb (2), the chymo- 
trypsinogen crystallized by Kunitz and Northrop (3) will be des- 
ignated chymotrypsinogen-A. 


Column Chromatography—Seven samples of bovine pancreatic 
juice were fractionated by use of two ion-exchange resins. Un- 
less otherwise stated, all operations described herein were carried 
out at cold-room temperatures. 

1. Anion exchange. The anion-exchange resin, DEAE- 
cellulose, was used to effect an initial separation into anionic 
and cationic components at pH 8.0. The procedure recently 
described (1) was followed for preparation of the anion-exchange 
columns and for collection of the ‘‘break-through” peak, con- 
taining the cationic proteins, trypsinogen, chymotrypsinogen-A, 
and ribonuclease. The anionic components of bovine pancreatic 
juice were not further resolved in these experiments, but were 
eluted in bulk and stored. The cationic components were 
concentrated by lyophilization; the powders were subsequently 
dissolved in water, adjusted to pH 3.0 with 1 n HCl, dialyzed 
against 0.001 m HCl, and again lyophilized. 

2. Cation exchange. The cation-exchange resin, XE-64, 
was used for further resolution of the cationic components. 
The resin was equilibrated (5) with 0.2 mM potassium phosphate 
buffer, pH 5.82, and packed to vield a resin column 3.3 x 70 
em. Each sample of cationic components, prepared as de- 
scribed above, was dissolved in potassium phosphate buffer 
(0.2 mM, pH 5.5) and applied to a resin column. A solution of 
0.2 mM potassium phosphate buffer, pH 5.82, was then allowed to 
flow through the column continuously at a rate of approximately 
35 ml. perhour. Fractions were collected by use of an automatic 
fraction collector, and the protein content of each fraction was 
estimated from optical density measurements at 280 mu. A 
linear concentration gradient from 0.2 m to 0.6 M potassium 
phosphate, at pH 5.82, was begun as soon as the trypsinogen 
was fully eluted (vide infra). 

The fractions comprising each protein peak were combined 
and lyophilized. Subsequently the powders were dissolved, 
dialyzed against 0.001 m HCl, and again lyophilized to yield 
salt-free powders. The protein content of each peak was esti- 
mated from the summed optical densities of all the fractions 
of that peak, using the following extinction coefficients (at 
280 mu) for a 1 per cent protein solution: 20 for chymotrypsino- 
gen-A (6), 13.9 for trypsinogen (7), 10.5 for soybean trypsin 
inhibitor (8), and 7.1 for ribonuclease.” 

Measurement of Specific Radioactivity—Radioactivity measure- 
ments were made directly on the isolated proteins, on the as- 
sumption that all of the radioactive sulfur in the isolated proteins 
was present as L-cystine in a@-peptide linkage. The following 
facts support this assumption: (a) The amino acid compositions 


2N. Pirzadeh and B. Bonnelycke, unpublished observations. 
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TABLE I 
Specific activity of sulfate (as benzidine sulfate) from 
untreated and performic acid-ozidized proteins 
c.p.m./pmole 
Chtg-I-a. + 417 


* Tg, trypsinogen; Chtg, chymotrypsinogen. 
+t Corrected for self-absorption. 


TaBLeE II] 
Molecular weights and cystine contents of pancreatic proteins 


Protein | Molecular weight 
Trypsinogen.................| 23,800 (14)* 128 
Chymotrypsinogen-A........ | 25,000 (15) 10 (6) 


* No. in parentheses indicates reference. 


III 
Volumes and protein concentration of pancreatic juice 
| Time after | Vol f | Protei Protei 

min. meg./ml. mg. 
1 | 60 | 37 24 | 888 
2 120 | 14 154 
3 180 51 : 41 2091 
4 240 37 29 1073 
5 300 37 28 | 1036 
6 360 | 22 20 | 440 
7 420 | 11 | 17 | 187 
S 525 | 30 22 | 660 


* See text under ‘‘Results.’’ 


of trypsinogen,’ chymotrypsinogen-A (6), and ribonuclease 
(9, 10) indicate that none of these proteins contains cysteine 
residues, the protein-sulfur being divided in each case between 
methionine and cystine residues only. (b) It has been found, 
in the rat, that whereas methionine does contribute sulfur to 
cystine, the converse reaction (cystine-S to methionine-S) 
does not occur (11). (c) An experiment was done specifically to 
test whether the S** of the isolated proteins was, in fact, incor- 
porated exclusively into a-peptide linkage. Portions of chroma- 
tographically purified trypsinogen and chymotrypsinogen-A, 
from time-period 3, were diluted with nonradioactive, crystalline 
trypsinogen and chymotrypsinogen-A, respectively, which had 
been freed of inorganic sulfate. Each mixture was then divided 
3 E. Cohen, and H. Neurath, unpublished observations. 


4 Crystalline trypsinogen, obtained from Worthington Bio- 
chemicals Corporation, contains approximately 50 per cent mag- 
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into two portions, I and II. One portion (1) was oxidized with 
performic acid by the procedure of Pierce (12), whereby cystine 
was converted to cysteic acid and methionine to the sulfone. 
The oxidized proteins were precipitated with 10 per cent tri- 
chloroacetic acid and washed with this acid (once), 95 per cent 
ethanol (twice), and ether (once), and dried over sodium hy- 
droxide. By this procedure all S** which was not in a-peptide 
linkage, e.g. S** held by adsorption or by attachment of a sulf- 
hydryl group onto the e-amino group of lysine, should have been 
eliminated from the protein precipitate. 

The performic acid oxidized proteins (I) and the untreated 
proteins (II) were then oxidized by the method of Pirie (13) in 
order to convert protein sulfur to inorganic sulfate. Inorganic 
sulfate was crystallized as the benzidine salt and its specific ac- 
tivity was measured. All operations were carried out in du- 
plicate. 

Table I shows that the specific activity of benzidine sulfate 
from the performic acid-oxidized proteins was at least as high 
as that from untreated proteins, and thus that the S* of the in- | 
tact proteins was indeed in a-peptide linkage. | 

Procedure—Solutions of chromatographically purified proteins — 
were made by dissolving approximately 1 mg. of salt-free protein — 
powder in 1 ml. of 0.01 M acetic acid. The exact concentration 
of each solution was determined from optical density measure- 
ments using the extinction coefficients of the respective proteins 
given above. Duplicate platings of increasing volumes (usually 
25, 50, and 100 ul.) were made on stainless steel planchets and — 
the samples were counted, using a gas-flow counter model D-47 
equipped with a micromil window and a model 183 Scaling Unit, | 
manufactured by Nuclear-Chicago Corporation, Chicago, Illinois, 
A model C-110B automatic sampler and model C-111 printing 
timer were used in conjunction with the above instruments. 
No correction for self-absorption was necessary at the concen- 
trations of proteins plated. The data were corrected, however, 
for background, decay, and for fluctuations in the instruments by 
use of a C4 reference standard. These data were then expressed 
as counts per minute per mg. of protein. The data were further — 
corrected for the respective molecular weights and cystine con-_ 
tents of the particular protein, and finally expressed as counts 
per minute per umole of cystine sulfur. The values used in- 
making these corrections are presented in Table IT. | 


RESULTS 


Table III presents the volumes of bovine pancreatic juice 
which were collected during successive time-periods, and the con- 
centration of protein in each sample. It can be seen that for the 
first 5 hours after administration of L-cystine, protein was s- 
creted at an average rate of 1 gm. per hour. As indicated by — 
the asterisk, some clogging of the cannula occurred during the 
second hour of collection, resulting in a low volume of juice. | 
Upon release of the block, however, the flow of juice was restored, | 


as is shown for the ensuing time periods. 


nesium sulfate and it is difficult to eliminate inorganic sulfate _ 
from the protein solutions, even by prolonged dialysis. A simi- | 
lar problem exists with chymotrypsinogen-A, which is crystallized 
from ammonium sulfate. Accordingly, in order to remove inor-— 
ganic sulfate completely from these solutions of trypsinogen and 

chymotrypsinogen, the solutions in pH 3 HCl were stirred at 0 

for 15 minutes with the anion-exchange resin, IRA-400. DFP’ 
was added as the pH approached neutrality. The suspension wa | 
filtered and the clear solutions of protein frozen immediately and 

lyophilized. 
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FRACTION 


Fic. 1. Elution diagram showing the chromatographic resolu- 
tion on XE-64 of the cationic proteins of bovine pancreatic juice. 
Details of the experiment are given in the text. 


TABLE IV 


Relative proportions of cationic components of bovine 
pancreatic juice 


—- 


Total cationic proteins* 
Time-period 
Tg | Chtg-A RNA-ase 
hr. % % % 
2 47 43 10 
5 49 43 8 
6 44 48 8 
7 46 43 12 
46.5 44.4 9.5 


*Tg, trypsinogen; Chtg-A, chymotrypsinogen-A; RNA-ase, 
ribonuclease-A. 


A typical elution diagram showing the results of cation-ex- 
change chromatography is presented in Fig. 1. The protein 
peaks were identified by their enzymatic properties and by their 
chromatographic behavior (1). Peak 1, which appears immedi- 
ately after displacement of the holdup volume of the resin col- 
umn, is the soybean trypsin inhibitor which had been added 
earlier. Peaks 2, 3, and 4, respectively, are trypsinogen, 
chymotrypsinogen-A, and ribonuclease. It is noteworthy that, 
in all experiments with bovine pancreatic juice, only a single 
chromatographic form of ribonuclease, corresponding to ribo- 
nuclease A, has been seen (16). Whereas the experiments were 
not aimed specifically at revealing a B-form of the enzyme, they 
have included a variety of conditions of chromatography, and no 
second form has been observed. 

Table IV shows the relative proportions of the respective 
cationic components of bovine pancreatic juice, in 4 of the 7 
samples analyzed. The 3 samples which are not shown in Table 
IV, corresponding to time-periods 1, 3, and 4, had been dialyzed 
at an earlier stage, in dilute solution, against 0.01 m acetic acid. 
This treatment was found to result in the formation of consider- 
able amounts of insoluble protein. Only the supernatant solu- 
tions of these samples were subjected to chromatography on XE- 
64 resin and, hence, were not representative of the total cationic 
proteins. Subsequently, dialysis against acid was performed 


only on more concentrated solutions and this difficulty was 
circumvented. 
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It will be noted that the relative proportions of the 3 cationic 
proteins in 4 samples of bovine pancreatic juice were quite con- 
stant. From previous experiments it was known that approxi- 
mately 35 per cent of the total exocellular pancreatic proteins is 
cationic at pH 8 (1). Therefore it can be estimated that each 
gm. of secreted protein contains approximately 162 mg. (6.8 
umoles) of trypsinogen, 154 mg. (6.2 umoles) of chymotrypsino- 
gen-A, and 33 mg. (2.4 umoles) of ribonuclease. The ratio of 
trypsinogen to chymotrypsinogen-A to ribonuclease, in bovine 
pancreatic juice, is thus approximately 5:5:1 on a gm. weight 
basis or 3:3:1 on a gm. mole basis. 

The specific radioactivity of each of these proteins at succes- 
sive intervals after injection of labeled cystine is shown in Fig. 2. 
It can be seen that the highest specific activity was obtained be- 
tween 3 and 4 hours after administration of the radioactive label. 
Thereafter the specific activity declined exponentially, as is 
shown in the semilogarithmic plot of the data presented in Fig. 3. 
The slope of each line was determined by the least squaresmethod, 


ae TRYPSINOGEN CHYMOTRYPSINOGEN-A RIBONUCLEASE 
& 
60 
2 40 aN 
\\ \ 
20 \ \\ 


HOURS AFTER ADMINISTRATION 
OF CYSTINE. 


Fic. 2. Speeific radioactivities of trypsinogen, chymotrypsino- 
gen-A, and ribonuclease at hourly intervals after injection of 
S%5 cystine. 
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Fic. 3. Semilogarithmic plot showing the rates of disappearance 
of radioactivity from the pancreatic proteins trypsinogen (Tg), 
chymotrypsinogen-A (Chtg-A), and ribonuclease-A (RNA ase). 
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TABLE V 
Turnover rates of pancreatic proteins 
Protein* | k, mint tie, min.t T ¢, min.t 
0.0065 | 106 | 153 
RNA-ase 0.0078 88 127 


* See Table IV for abbreviations. 
tT For an explanation of the symbols, see the text, under ‘‘Re- 
sults.”’ 


and multiplied by 2.3 to obtain the specific first order velocity 
constant, k. The relationships cited by Tarver (17) were used 
to compute t),2, the time required for one half of the proteins to 
be replaced, and T,, the turnover time for each protein. The 
values are presented in Table V. 


DISCUSSION 


The progress curves of S** incorporation into the pancreatic 
proteins, trypsinogen, chymotrypsinogen-A, and ribonuclease 
have the shape of asymmetric distribution curves, with maximal 
specific radioactivity appearing approximately 3 hours after ad- 
ministration of the label. This is in close agreement with the 
observations of Junqueira et al. (18) in studies on the rate of in- 
corporation of C'4-glycine into the unfractionated proteins of rat 
pancreatic juice. In the present work, the rate of decline of 
radioactivity followed first order kinetics for each of the proteins 
over the time period tested, during which the specific radioac- 
tivity of each protein fell to less than one-half its maximal value. 
The specific rate constants were found to be the same for the 
zymogens, trypsinogen and chymotrypsinogen-A, but. signifi- 
cantly higher for ribonuclease. Whereas the emphasis in this 
work was on the relative behavior of the three pancreatic pro- 
teins rather than on their absolute rate constants, it was esti- 
mated that, under the conditions of the experiment, viz. continual 
secretion for an 8-hour period, trypsinogen and chymotrypsin- 
ogen-A were replaced at the rate of 0.0064 per minute. Thus, 
approximately 155 minutes were required to synthesize an 
amount of these proteins equal to the size of their respective 
pools. The corresponding value for ribonuclease was 127 min- 
utes. It was also shown that the relative proportions of these 
proteins in bovine pancreatic juice are constant, the molar ratios 
of trypsinogen to chymotrypsinogen-A to ribonuclease being 


TaBLe VI 


Specific radioactivity of pancreatic proteins at intervals 
after injection of S*5-cystine 


Specific radioactivity* 


Time 
Trypsinogen Chymotrypsinogen-A Ribonuclease 

1 7,550 | 7,500 1,340 
2 37,140 33,700 2,700 
3 74,580 86 , 830 37 ,683 
4 74,580 80 , 400 55,675 
5 49 , 220 50 , 200 33,464 
6 36 , 060 37,620 21,863 
7 23 , 260 26 , 850 — 


*¢.p.m per umole cystine-sulfur. 


Biosynthesis of Pancreatic Proteins 


The pancreas is a secretory gland capable of a notably high | 
protein output, viz. 1 gm. per hour in the present experiments ! 


The simplest assumptions to be made with respect to protein 
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synthesis in such a tissue, at least during periods of active secre. 
tion, are: (a) that all of the exocellular protein which is syp. ’ 
thesized is secreted, and replaced, in turn, by newly synthesized 
protein; and (6) that intracellular breakdown of these proteins jg | 
negligible. It would follow from these assumptions that the 
ratio of proteins in pancreatic juice is the same as the ratio of the | 
respective intracellular pools of these proteins and that it is q | 
direct measure of the ratio of the respective rates of synthesis, | 
In considering similar relationships in another secretory organ, | 
i.e. the mammary gland, Campbell and Work (19), have con. . 
cluded that if two proteins are synthesized entirely from free 
amino acids, and if the ratio of their respective rates of synthesis. 
remains constant, the specific radioactivity of a particular amino 
acid residue will be the same in the two proteins, after a single | 
injection of the labeled amino acid. 
The specific radioactivity of cystine residues in trypsinogen 
and chymotrypsinogen-A was found to be equal, within experi. | 
mental error (Table VI). The data are thus consistent with the | 
view that these zymogens are synthesized at equal rates and en- | 
tirely from free amino acids, and that all of the zymogen syn- 
thesized was secreted into the pancreatic juice. It should be 
pointed out, however, that in the present experiment, the time | 
interval between collection of the individual samples was large 
relative to the total turnover time and that significant differences | 
might thus have been masked. Experiments to test the hy-. 
potheses more directly are in progress. : 
The behavior of ribonuclease is not consistent with the view 
advanced for the zymogens. The specific radioactivity of cystine: 
residues in ribonuclease was at all times lower than that of cystine. 
in the zymogens. Moreover, a distinct lag in the attainment of 
maximal radioactivity was noted, whereas radioactivity disap- 
peared from this protein at a rate significantly faster than that 
for the zymogens. Evidence that the simplifying assumption 
of total secretion of the protein synthesized may not, in fact, 
apply in the case of ribonuclease was recently presented by Sieke- 
vitz and Palade (20, 21). In studies of the guinea pig pancreas, 
these authors have shown that the intracellular localization o/ 
“pancreatic ribonuclease is somewhat different from, and les 
discrete than, that of the zymogens. Marshall (22), employing 
a technique involving the use of fluorescent antibodies, also 
found that the ribonuclease of bovine pancreas was distributed 
more diffusely than the proteolytic zymogens. Siekevitz ani 
Palade (21) pose the question of whether ribonuclease is an exo ( 
cellular protein only, or if it participates also in the cellular 
mechanism for protein synthesis. If a single form of ribonucleas: 
is involved in the intracellular metabolism as well as in the exo- 
cellular secretion of the pancreas gland, the apparent anomalies 
seen in the present experiments might reflect some modification 
of the turnover process of ribonuclease during the experiments | 
period. Several other possible explanations for the presert 
finding might be advanced, however. Vaughan and Anfinsen 


(23) have presented evidence that the synthesis of ribonucleas 
in vitro by calf pancreas slices proceeds through intermediate: 
which are not in equilibrium with the free amino acid pool 
Another possibility, although less likely, is that the mechanism 
for incorporation of cystine into the proteins, whether as cystein? 
or cystine, is different for ribonuclease and the zymogens. _ The 
present investigation was not designed to elucidate these detaile’ 
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- hours after the injection of labeled cystine. 


wlationships, but was intended as a preliminary for further 


study, now in progress, of the biosynthesis of pancreatic proteins. 


SUMMARY 


The rates of incorporation of S**-cystine into the pancreatic 


| proteins, trypsinogen, chymotrypsinogen-A, and ribonuclease, 
have been measured. 
_ radioactive amino acid was administered to a cannulated yearling 
steer, the pancreatic juice collected at hourly intervals, over a 


In these experiments a single dose of the 


period of 8 hours, and the proteins separated from one another 
by ion exchange chromatography. 

Maximal specific radioactivity was observed approximately 3 
The subsequent 
decline of specific radioactivity followed first order kinetics. 


_ The specific rate constants were the same for the zymogens, 
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trypsinogen and chymotrypsinogen-A, but that for ribonuclease 
was higher. 
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The Partial Purification and Some Physical Properties 
of Cathepsin C from Beef Spleen* 
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Cathepsin C, an intracellular proteolytic enzyme found in 
spleen and other tissues, has been shown to be specifically adapted 
to the hydrolysis of a variety of dipeptide amides or esters, of 
which glycyl-L-tyrosine amide or ethyl ester is a typical sub- 
strate (1, 2), and under certain conditions to catalyze the poly- 
merization of such amide or ester substrates leading to the for- 
mation of insoluble polypeptides (3, 4). It is the purpose of 
this communication to report a method which results in a higher 
degree of purity than previously achieved (3, 5). A preparation 
of cathepsin C has been obtained that consists of a major electro- 


phoretic component with an isoelectric point of 5.4, which may 


be resolved ultracentrifugally into two components. It was 
demonstrated that the more rapidly sedimenting component con- 
tained all the cathepsin C activity and a molecular weight of 
235,000 + 50,000 was calculated. 


EXPERIMENTAL 


Materials and Methods 


Substrate—The substrate emploved for the measurement of 
cathepsin C activity was glycyvl-L-tyrosine amide acetate synthe- 
sized as described previously (4). 

Methods—Protein concentration was determined by the biuret 
reaction (6) with bovine serum albumin as a standard. 

The Tiselius electrophoresis analyses were carried out at 0° 
in a Perkin-Elmer apparatus, model 38, using a 2-ml. open cell. 
The mobilities were calculated from enlarged projected tracings 
of the original patterns. The areas were measured on the trac- 
ings by means of a planimeter. 

The ultracentrifugal analyses were carried out in a Spinco 
model E analytical ultracentrifuge at a speed of 59,780 r.p.m. 
The displacement of the boundaries at various time intervals, 
used in the calculation of the sedimentation constants, was meas- 
ured on a microcomparator. The areas were measured by means 
of a planimeter on enlarged tracings of the original sedimentation 
diagrams. 

Electrophoresis-Convection Cell—Y¥or the further purification 
of cathepsin C, a special ‘‘micro’”’ electrophoresis-convection cell 
was designed and constructed; this was essentially a small ver- 
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and the Office of Naval Research, Department of the Navy. 
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sion of cells previously described (7). Since in electrophoresis. 
convection the size of the reservoirs may be varied at will, — 
whereas the height and depth of the channel determine the speed _ 
of transport (8), the principal problem was to reduce the size 
of the channel without impairing the fractionating efficiency, | 
Therefore, a cell was constructed with a channel 15 cm. high | 
and lcm. wide. The face plates holding the cellulose membrane — 
walls of the channel in position were separated by 1 mm. The © 
capacity of the bottom reservoir was 2.5 ml. and that of the top 
reservoir was 10 ml. This cell, therefore, was capable of handling 
volumes of 6 to 14 ml., and thus permitted the fractionation of 
30 to 560 mg. of starting material dissolved in a proper buffer. 


Assay Methods for Cathepsin C 


Two assay methods for the determination of cathepsin C ac. 
tivity were employed in the purification of this enzyme (ef. 
Table I). The first depends on the ability of this enzyme to ; 
catalyze the replacement of the amide-N He group by hydroxyl | 
amine to yield the corresponding hydroxamic acid (9); this is 
determined by a modification of the technique of Lipmann and 
Tuttle (10). The second method depends on the determination 
of ammonia formed by hydrolysis of the amide bond as previ-— 
ously described (3). The former assay allows a much more 
rapid, although less accurate, determination of activity in the— 
course of purification. 

Procedure for Hydroxamic Assay—Into 15 * 125-mm. test 
tubes the following reagents were pipetted: 0.5 ml. of 0.04 m 
Veronal buffer containing 29.7 mg. (0.1 millimole) of glycyl-t- 
tyrosinamide acetate per ml., final pH, 7.2; 0.2 ml. of 2 m hydrox- | 
vlamine, pH 7.2; 0.1 ml. of 0.25 m L-cysteine hydrochloride; 0.05 | 
ml. of 0.5 N NaOH; enzyme solution; and water to 1 ml. Before | 
the addition of enzyme the tubes were placed in a water bath } 
at 37° for 5 minutes and allowed to come to temperature equilib- | 
rium. The enzyme solution was then added, and the reaction 
was allowed to proceed for exactly 10 minutes. At this time 0.6 
ml. was drawn from each tube and quickly pipetted into tubes — 
containing 0.5 ml. of 20 per cent trichloroacetic acid and 0.9 | 
ml. of water. No turbidity due to protein precipitation was , 
observed except in the case of the crude tissue extract; here the 
mixture was centrifuged and the clear supernatant fluid was de- 
canted. A 0.5-ml. volume of 5 per cent FeCl;-6 H.O, dissolved 
in 0.1 N HCl, was added to each tube in turn which then was_ 
read immediately in a Klett colorimeter with 540 mu filter. The 
density value obtained for the reagent blank was subtracted from 
all assay values. Two enzyme concentrations were routinely | 


assaved and the activity values, averaged. A unit of enzyme is | 
defined as that amount which, under the conditions of this assay, _ 
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gives rise to a reading of 100 in the Klett colorimeter, after cor- 
rection for the reagent blank. 

Procedure for the Determination of Hydrolytic Activity—The 
Conway microdiffusion method (11) was used for the determina- 
tion of ammonia liberated upon hydrolysis of the amide bond. 
Into small test tubes the following reagents were pipetted: 0.1 
ml. of L-cysteine hydrochloride, 15.7 mg. per ml.; 0.05 ml. of 
0.1 m sodium citrate buffer, pH 5.0; 0.3 ml. of 0.0833 m glycyl 
tyrosinamide in 0.1 M citrate buffer, pH 5.0; enzyme; and water 
to 0.5 ml. Duplicate 0.1-ml. samples were taken at zero time, 
after addition to the enzyme, and pipetted into Conway micro- 
diffusion vessels. The tubes were covered to prevent evapora- 
tion and incubated at 37° for 1 hour; after this time interval, 
duplicate 0.1-ml. samples were again taken for the determination 
of ammonia liberated. Diffusion was allowed to take place at 
room temperature for 4 hours, and the samples were then titrated. 
A unit of enzyme is defined as that amount of enzyme which 
gives rise to 1 per cent hydrolysis per minute under the above 
conditions (4). Specific activity is given as units of enzyme per 
mg. of protein. 


Purification of Beef Spleen Cathepsin C 


Extraction and Acid-Heat Purification Step—Fresh beef spleens 
were obtained at the slaughter house and packed in ice. As soon 
as possible the material was cut up into pieces small enough to 
be conveniently passed through a meat grinder and placed in a 
Deep Freeze at —20°. After 24 hours the frozen spleen was 
allowed to thaw at room temperature for approximately 15 min- 
utes or until slightly pliable, and then was passed through a power 
meat grinder. The material was then ground once more. To 
4226 gm. of ground spleen, 8452 ml. of distilled water containing 
0.6 mg. of neutralized ethylenediaminetetraacetate per ml. were 
added at room temperature. The tissue was thoroughly dis- 
persed mechanically. A sample (approximately 30 ml.) was 
taken and centrifuged at 2-5° for 20 minutes at 13,000 x g. 
The supernatant fluid, referred to as the “‘crude extract,” was 
assayed for enzyme activity (Table I). After the sample for 
assay had been removed, the mixture was placed in a water 
bath at 38° and the pH was adjusted to 3.5 or 3.6 by the slow 
addition of 125 ml. of 6.37 N H.SO, with continuous mechanical 
stirring. At pH values below 3.5 cathepsin C is readily inacti- 
vated. After the mixture was stirred for 1 hour at 38°, the pH 
was readjusted to 3.5, 10 ml. of toluene were added, and after a 
few minutes mechanical stirring was discontinued. The mixture 
was covered and the incubation was continued for another 24 
hours. 

The clear layer was then siphoned off and the remaining sus- 
pension centrifuged at room temperature in a Servall G-2 centri- 
fuge at top speed for 20 minutes. The “acid extract” was as- 
sayed for activity (Table 1). To the clear acid extract (10,120 
ml.), solid ammonium sulfate (4770 gm.) was added at room 
temperature to 70 per cent saturation during a period of 10 min- 
utes with mechanical stirring. Stirring was continued for 30 
minutes, and the suspension was then filtered by gravity through 
filter paper (S and S No. 588). The next morning the protein 
was scraped from the filter paper, suspended in cold 80 per cent 
saturated ammonium sulfate (pH 4.0 when diluted 1:10), and 
centrifuged, and the supernatant fluid was discarded. The 
filter papers were then extracted with cold 0.9 per cent NaCl 
by grinding thoroughly in a Waring blendor. The pulp was 
squeezed through cheese cloth and the resulting solution filtered 
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TABLE 
Purification of cathepsin C from beef spleen 


Specific activity 
Fraction C.U.(T)* | C.U.(H)* T:H 
T H 
total unitst 
Crude extract.......... 154,670 | 18,890 0.69, 0.084 8.2 
178,112 | 19,120 | 23.4}; 2.5 9.3 
AmSO, (0-70) .......... 142,800 | 12,100} 45.4! 3.8 | 11.8 
(133, 560)t (11,320) 
AmSO, (0-50), not di- 
AmSO, (50-70), not di- 
AmSO, (50-70), di- 
83,770 6038 | 92 6.6 | 13.8 
AmSO, (50-70), di- 
alyzed + diluted.....| 75,440 5674 | 84 6.3 | 13.3 
38,940 2824 | 185 13.4 | 13.7 
| (35, 220) (2555) 
| 37,750 2691 | 145 10.3 | 14 
(36, 930) (2635) 
Acetone I, dialyzed + 
25,950 1699 | 277 18 15.2 
(21,920) (1435) 
Acetone II, dialyzed + 
30,740 1983 | 221 14.3 | 15.5 
(28,980) (1870) 
19,000 1388 | 264 19.3 | 13.6 
(18,430) (1344) 
27 , 040 1897 | 218 15.8 13.8 
(25, 450) (1847 ) 
12,490 852 | 293 20 14.7 
8,630 595 | 166 11.4 | 14.5 


*C.U. (H) represents cathepsin unit, measure of hydrolysis 
of substrate; C.U. (T) represents transamidation with hydroxy]- 
amine as replacement agent. 

t Units given in parentheses denote further quantities frac- 
tionated. 


through Whatman No. 1 filter paper. To this solution enough 
solid ammonium sulfate was added to give 80 per cent saturation 
(56.1 gm./100 ml.) and the suspension was centrifuged. The 
precipitate obtained was combined with the protein precipitate 
obtained above and extracted with 0.9 per cent NaCl until all 
units of activity were accounted for, as judged by assay with the 
hydroxamic method. The extractions were combined, and solid 
ammonium sulfate was added to 80 per cent saturation; the 
mixture was stirred for 30 minutes in an ice bath and centri- 
fuged, and the precipitate was dissolved in a minimal volume 
of 0.9 per cent NaCl. This solution (109 ml.) was then dialyzed 
at 5° against 8 1. of 0.9 per cent NaCl for 8 hours. At this time 
the dialyzing medium was changed to a fresh 8 1. of 0.9 per cent 
NaCl and the dialysis continued for an additional 10 hours. 
After dialysis the volume of the solution was 170 ml.; the solution 
is denoted AmSO, (0-70) in Table I. 

Fractionation with Saturated Ammonium Sulfate at pH 4.0— 
To 159 ml. of the above solution, an equal volume of saturated 
ammonium sulfate (adjusted to pH 4.0 with H.SO,; pH meas- 
ured at 1:50 dilution) was added to 50 per cent saturation with 
mechanical stirring in an ice bath. 15 minutes after the required 
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amount was added, the suspension was centrifuged at 16,000 x g 
for 20 minutes in the cold room. The precipitate was dissolved 
in a minimal volume of 0.9 per cent NaCl and was assayed (Table 
I). To the supernatant fluid (311 ml.), 207 ml. of saturated 
ammonium sulfate (pH 4), sufficient to give 70 per cent satura- 
tion, were added. The mixture was centrifuged, and the pre- 
cipitate was dissolved in 0.9 per cent NaCl as described above 
(volume, 34.5 ml.). The 50-70 per cent ammonium sulfate 
fraction was then dialyzed against 0.02 per cent NaCl at 5° until 
no sulfate was detectable in the dialyzing fluid. Three 8-1. 
portions of NaCl, over a period of 24 hours, usually sufficed. 
The dialyzed 50-70 per cent ammonium sulfate fraction was then 
centrifuged, and the supernatant fluid (54.4 ml.) was assayed 
(Table I). 

Acetone Fractionation—The protein concentration of the dia- 
lyzed and centrifuged 50-70 per cent ammonium sulfate fraction 
was adjusted to 11 mg. per ml. (volume 82 ml.) with 0.02 per 
cent NaCl and the pH was adjusted to 4.95 with N acetic acid. 
Cold acetone (20.5 ml.) was added with stirring to a concentra- 
tion of 20 per cent, the temperature being maintained at 0 to 
—2° over a period of about 10 minutes. The suspension was 
then centrifuged at this temperature for 15 minutes at 1000 xX g. 
The precipitate was dissolved in 2 per cent NaCl and dialyzed; 
the volume was 10.2 ml. (Acetone I). To the supernatant fluid, 
20.5 ml. of acetone were added as above, to 33 per cent, and the 
resulting precipitate was dissolved in 2 per cent NaCl and dia- 
lyzed overnight against 8 1. of 2 per cent NaCl; the volume of the 
enzyme solution (Acetone II) was 12.1 ml. 

Heat Treatment—The relatively high heat stability of cathep- 
sin C (3) can be used to advantage in its purification. The dia- 
lyzed acetone fractions I and II were immersed in a water bath 
at 65°, and this bath temperature was maintained for 40 minutes 
with stirring. At the end of this period, the solutions were 
quickly cooled in ice, and were centrifuged at 16,000 X g for 15 
minutes. The precipitates were washed with 2 ml. of 2 per 
cent NaCl, recentrifuged as above, and the washings were com- 
bined with the original supernatant fluids. These solutions can 
be stored at —20° for weeks without appreciable loss in activity. 

Electrophoresis-Convection of Acetone Fractions—The isoelec- 
tric point of cathepsin C was shown to be pH 5.4, since at this 
pH no significant migration of activity occurred in the electro- 
phoresis-convection apparatus. At other pH values the activity 
became concentrated in the bottom compartment. Since Ti- 
selius electrophoresis analyses at this pH showed that most of 
the mobile components were on the negative side of the im- 
mobile boundary, it was possible to apply electrophoresis-con- 
vection at this pH. 


TaBLeE II 
Ultracentrifugal data for purified cathepsin C* 
Specific Activity | Specific 
Material | 
| Tt Ht component 
> | 
Preparation I.............| 19.8 | 297 | 19.8 | 15.0 
Preparation IT............| 23.5 | 350 14.9 
Preparation III...........| 26.9 406 29.9 15.1 


* These data were not corrected for the Johnston-Ogston 


anomaly (12). 
t See Table I. 
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The heated acetone fractions (Table 1) were concentrated by _ 
precipitation with solid ammonium sulfate at 80 per cent satura. ] 
tion, and each precipitate was dissolved in about 5 ml. of 2 per | 
cent NaCl. The solutions were then dialyzed overnight against | 
sodium phosphate buffer, pH 5.4, ionic strength 0.1 (0.692 gm, ) 
of NasHPO, and 12.21 gm. of NaH2PO, per |.). After dialysis, 
the protein concentration of “heated Acetone I” was adjusted | 
to 0.7 per cent, and that of “heated Acetone II’ was adjusted to _ 
1.0 per cent with the same buffer. The solution was then intro. 
duced into the ‘‘micro” electrophoresis-convection cell and frac. 
tionated at 5° for 24 hours at a field strength of 2.0 volts per cm, 
with a continuous circulation of the pH 5.4 buffer through the 
electrode compartments. At the end of the run the top and bot- 
tom fractions were removed, assayed for activity, and analyzed 
electrophoretically. In Table I, the original solution, and the — 
top and bottom fractions are denoted EC-O, EC-T, and EC-B,- 
respectively, followed by the numeral I or II to denote the ace. 
tone fraction originally used. The top fraction was also analyzed 
ultracentrifugally. 

Electrophoretic Analyses of Fractions—Analyses were carried 
out in pH 5.4 sodium phosphate buffer, 1/2 = 0.1, for 60 min. | 
utes. The heated acetone fraction, before the electrophoresis. 
convection step, is a complex mixture which can be resolved into 
five electrophoretic components, one of them isoelectric; three, ; 
negatively charged; and a small amount of positively charged 
material. Although the fraction in the top reservoir of the elec- 
trophoresis-convection cell still contained some _ negatively 
charged components, nevertheless it was strongly enriched with | 
respect to the isoelectric component, the concentration of which 
was raised from 39 per cent in the starting material to 60 per 
cent in the top fraction. Correspondingly the amount of iso- 
electric component in the bottom reservoir was decreased. As 
can be seen in Table I this fractionation resulted in an increase 
in the specific activity of the top fraction and a decrease in the 
bottom fraction. Since the enzyme is isoelectric at pH 5.4, the | 
enzyme activity per ml. remains constant in all parts of the cell, 
when corrected for dilution attributable to osmosis. This is so 
because the purification proceeds by the removal from the top 
reservoir of the negatively charged mobile components. | 

Ultracentrifugal Analysis of Fractions—Ultracentrifugal analy- 
-ses of the fractions purified by electrophoresis-convection were - 
carried out in pH 5.4 sodium phosphate buffer of ionic strength 
0.1. The results showed the presence of two principal compo-— 
nents, the major, slowly sedimenting, diffuse component had a , 
mean sedimentation constant, so, of 3.00; the more rapidly 
sedimenting component had a sedimentation constant of 8.16. ' 
A preparation obtained by electrophoresis-convection of a heated 
Acetone II fraction of cathepsin C was subjected to ultracentril- 
ugation in a separation cell until all of the material with 829,» of 
8.16 was present in the lower compartment, and it was found | 
that all of the cathepsin C activity was associated with. this’ 
heavier component. Furthermore, when the activities of three } 
different enzyme preparations were compared with the amounts 
of heavy component present, a correlation was observed between 
the two sets of values (Table II). 

From the sedimentation diagram it is also possible to caleu- 
late an approximate value for the diffusion constant (13). When 
this was done in the case of the rapidly sedimenting material, 4 
value of 3.3 + 0.7 cm? sec~! was obtained. This combined with’ 
the sedimentation constant gave a value of 235,000 + 50,00 
for the molecular weight of cathepsin C. For this calculation, 
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the partial specific volume of cathepsin C was assumed to be 
0.75 (14). 

The apparent discrepancy between the electrophoretically and 
ultracentrifugally determined amounts of cathepsin C present 
in the electrophoresis-convection-purified fraction (60 per cent 
according to electrophoresis, and about 25 per cent according 
to sedimentation) can be used as a good example for showing 
that any one method is insufficient for establishing the degree 
of purification of a protein. From the above results, it is con- 
eluded that in this preparation there are two or more compo- 
nents that are isoelectric at pH 5.4, one of which is cathepsin C, 
the others being enzymatically inert. 

It may be seen in Table I that the ratio of transamidation to 
hydrolytic activity remained fairly constant throughout the 
purification except for the first two steps; this finding supports 
the view that these two activities are properties of the same pro- 
tein (9). This is further strengthened by the fact that the hght 
component observed on ultracentrifugation was devoid of any 
activity toward glycy] tyrosinamide. 
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SUMMARY 


Cathepsin C has been purified from beef spleen to a greater 
degree than previously achieved. The purest preparation was 
obtained by a procedure employing autolysis, ammonium sulfate 
and acetone fractionations, heat treatment, and electrophoresis- 
convection. It was shown to consist of a major electrophoretic 
component, isoelectric at pH 5.4, which may be resolved ultra- 
centrifugally into a slowly sedimenting component and a rapidly 
sedimenting component. The heavier component contained 
all the cathepsin C activity toward glycyl-t-tvrosinamide. A 
molecular weight of 235,000 + 50,000 was calculated for cathep- 
sin C. 
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Clostridium tetanomorphum ferments glutamate rapidly. 
Cell-free extracts of cells grown on glutamate convert the amino 
acid reversibly to mesaconate and ammonia (Reaction 1) in the 
presence of a,a’-dipyridyl which inhibits the further decomposi- 


(1) 


tion of mesaconate (1, 2). While studying the cofactor require- 
ments of Reaction 1, it was observed that treatment of the extract 
with charcoal removed a factor essential for the decomposition of 
glutamate without interfering with the formation of amino acid 
from mesaconate and ammonium ion.! This indicated that an 
amino acid other than glutamate was being formed. This 
amino acid was isolated and shown to be 6-methvlaspartate, 
probably the L-threo isomer (3). 

This paper describes the purification and some properties of 
the enzyme £-methylaspartase that catalyzes the reversible 
conversion of tL-threo-3-methylaspartate to mesaconate and 
ammonia (Reaction 2). 


glutamate— mesaconate™ + NH,* 


COO- 
+H; N—C—H -OOC—CH 
| + (2) 
HC—CH; H;C—C—COo0o- 
COO- 
EXPERIMENTAL 
Materials and Methods 


Growth of Cells—Clostridium tetanomorphum strain H1 was 
grown in a medium of the following composition: Difco yeast 
extract, 1 per cent; monosodium glutamate, 0.08 mM; potassium 
phosphate buffer, pH 7.4, 0.04 m; MgSOx,, 0.001 m; FeSO., 4 x 
m; MnSO,, 1 10-5 mM; NasMoO,, 1 10-5 mM; CaCl, 
1 xX 10-4 M; and distilled water. The medium was used soon 
after autoclaving to keep its oxygen content to a minimum. 
Just before inoculating with 30 to 50 ml. of an active culture per 
l. of medium, 35 mg. of nonsterile sodium hydrosulfite powder 
were added per 1. as a reducing agent. When the culture vessel 
was filled to the neck, an anaerobic atmosphere was unnecessary. 
Cultures, incubated at 30 to 37°, were harvested after 12 to 18 
hours when the ammonia concentration had reached 0.07 to 
0.09 m. The cells were washed by centrifugation, once with 20 
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Public Health Service, and by a research contract with the Atomic 
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unpublished observations. 


volumes of 0.02 m sodium sulfate containing 0.005 M 2-mercapto- _ 


ethanol and once with 20 volumes of oxygen-free water. 
culture yielded about 30 gm. of wet packed cells. 


A 10-1, 


Preparation of Synthetic Substrates—p.i-a-Methylaspartic acid | 


was prepared from its diethyl ester (4) as previously described | 


(3). 

B-Methylaspartic acid was synthesized by the method of 
Dakin (5) except that acetaminomalonic diethyl ester (6) was 
used in place of the benzoyl derivative. The initial crystalline 
product was fractionally recrystallized by successive concentra- 
tions of the mother liquor. The least soluble fraction (Fraction 
2), which was again recrystallized from water, was indistinguish- 


~ 


able by paper electrophoresis (see below) from enzymatically | 


prepared t-threo-B-methylaspartic acid (3). Since it was opti- 
cally inactive, it was assumed to be pt-threo-8-methylaspartic 
acid. Fraction 3 was also optically inactive and was partly 
separable from the compounds in Fraction 2 by electrophoresis. 
Therefore, it was assumed to consist mainly of pDtL-threo-6- 
methylaspartic acid, mixed with a small percentage of the 
pL-erythro isomers. Fraction 4 was approximately 60 per cent 


threo and 40 per cent erythro isomers on the basis of paper | 
electrophoresis, and Fraction 5, which was obtained from the 


mother liquor of Fraction 4 by addition of 3 volumes of absolute 
ethanol, contained about 10 per cent threo and 90 per cent erythro — 
isomers. 
Enzymatic Preparation of Substrates—The preparation of 
L-threo-B-methylaspartic acid has been described (3). 
p-Threo-3-methylaspartic acid was prepared from the DL- | 
mixture by decomposing the L-isomer with purified @-methyl- 
aspartase and isolating the remaining amino acid. To 0.5 gm. 
(3.4 mmoles) of synthetic acid 
(Fraction 2), neutralized with sodium hydroxide, were added 8.5 
mmoles of ethanolamine chloride buffer, pH 9.7; 1.7 mmoles of 
KCl; 0.17 mmoles of MgCl; 76 units of 6-methylaspartase 
(specific activity, 140); and water to a final volume of 170 ml. 
The reaction mixture was incubated at 25° until mesaconate — 
formation ceased and then for an additional 30 minutes. With- 
out inactivating the enzyme, the solution was evaporated to 
dryness in a vacuum over concentrated sulfuric acid. During — 
evaporation, the removal of ammonia should have displaced the 
equilibrium so that the L-threo isomer would be completely de- | 
composed. Several ml. of 5 n hydrochloric acid were then | 
added and the excess was removed by concentrating the solution 
to dryness in a vacuum several times. The amino acid hydro- | 
chloride was extracted from the residue with hot absolute 
ethanol, the solution was centrifuged clear, and the free amino 
acid was precipitated by neutralizing the solution to about pH 
4 with'0.35 ml. of aniline. The precipitate was washed with — 
cold water, ethanol and ether, and dried in a vacuum. The 
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- . vacuum to remove excess acetic acid, and neutralized. 


_ used for the preparation of the L-erythro isomer. 
enzyme, glutamate would not be formed and consequently isola- 
_ lion of the desired product would be simplified. 
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yield was 178 mg. or 36 per cent of the starting DL- mixture. Af- 
ter two recrystallizations from water the vield was 110 mg. 

The nitrogen content of the product was 101 per cent of the 
expected value for 8-methylaspartic acid. The solubility in 
water at 26 + 1° was 5.12 mg. per ml. or 0.0348 mM. The specific 
rotation [a]? was +11.7° + 2° in water(c = 0.51) and —13.1° + 
0.3° in 1 N HCl (c¢ = 3.24). The product could not be separated 
from L-threo-B-methy laspartic acid by paper electrophoresis. 

Since the specific rotations of the product in water and acid 
are approximately equal in magnitude and opposite in sign to the 
values (3) for L-threo-B-methylaspartic acid ([a]p in H.O, — 10°; 
in 1 N HCl, +12.40), it is tentatively assigned the p-threo con- 
figuration (see under “Discussion’’). 

A third isomer of 8-methylaspartic acid, probably the L-erythro 
form, was prepared by the action of crude extracts? of C. tetano- 
morphum on mesaconate and an ammonium salt. The reaction 
gave a mixture of three amino acids, glutamate, the L-threo and 
the presumed L-erythro isomers of B-methylaspartate. The two 
3-methylaspartate diastereoisomers were separated from gluta- 
mate on a Dowex l-acetate column. —L-threo-B-Methylaspartate 
was then decomposed enzymatically by a relatively short expo- 
sure to the action of purified G-methylaspartase, which attacks 
the L-threo isomer over 100 times as fast as the other isomer. 
The latter was then reisolated by means of a Dowex l-acetate 
column. The details of the procedure are given below. 

The reaction mixture (40 ml.) contained the following compo- 
nents: 50 per cent by volume of cell-free extract containing 35 

g. of protein per ml., 0.15 mM disodium mesaconate, 0.2 Mm NH,Cl, 
0.005 Mm MgClo, 0.005 mM 2-mercaptoethanol, 0.005 m tris(hvdrox- 
yvmethyl)aminomethane-chloride buffer, pH 8.4, and 0.004 m 
a,a’-dipyridvl. After incubating at 30° for 1 hour, the reaction 
was stopped by the addition of 4 ml. of 0.1 N acetic acid. After 
centrifugation, the supernatant solution was adjusted to pH 7 


and passed into a Dowex |-acetate column (200 to 400 mesh; 
2cm. diameter X 16 em. high). 


The dicarboxylic acids were 
eluted differentially with 0.05 N acetic acid. Glutamic acid, 
which was present in largest amount, came off the column be- 
tween 500 and 750 ml. of eluate, and the two 6-methylaspartate 
isomers came off between 900 and 1500 ml. The fractions con- 
taining B-methylaspartate were combined, concentrated in a 
The 
resulting solution contained 1.0 mmole of amino acid. By 
paper electrophoresis at pH 3.85 it was shown to contain a trace 
of glutamate and 85 per cent of L-threo-B-methylaspartate. To 


decompose the 1-threo-B-methylaspartate, 0.5 mg. of purified 


8-methylaspartase (specific activity, 218) was added to 5 ml. of 


reaction mixture containing the ingredients of the @-methy]- 
_ aspartase assay system (see below) and the solution was incu- 
_ bated at 30° until the rate of mesaconate formation approached 


the rate expected with the L-erythro isomer. The residual amino 


acid was isolated by use of a smaller Dowex 1-acetate column. 
) The yield was 120 umoles of amino acid. By paper electropho- 
- resis the product was shown to be mostly the 6-methylaspartate 
_ isomer that moves more slowly during paper electrophoresis at 


pH 3.85. It was contaminated with a small amount (<5 per 


_ cent) of the threo isomer and glutamate. 


Tentative identification of the main component as an erythro 


?Later, we found that purified 6-methylaspartase could be 
With purified 
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isomer of B-methylaspartic acid is based upon the fact that it 
can be separated electrophoretically from 1.-threo-6-methylas- 
partic acid and that it does not separate from the main com- 
ponent of the more soluble part (Fraction 5) of synthetic 6-meth- 
vlaspartic acid. Furthermore, the enzymatic product and one 
isomer of Fraction 5 are decomposed by purified @-methylas- 
partase at the same rates. The tentative identification of the 
enzymatic product as the L-erythro isomer is based (7) upon its 
more positive specific optical rotation in 3 Nn HCl ([a]p 
+42.5° + 4°) than in water (fa]p = +24.5 + 3°), and upon a 
comparison of these specific rotation values with those calculated 
by adding the corresponding specific rotations of L-aspartic acid 
and p-methylsuccinie acid (3). 

Analytical Methods—Optical density was measured in a Beck- 
man model DU spectrophotometer having a photomultiplier 
attachment. Silica cells having a light path of 1 em. and a work- 
ing volume of | ml. were used. In spectrophotometric experi- 
ments the temperature was 25° + 1°. 

Protein was determined by the method of Lowry et al. (8) 
using human blood plasma of known nitrogen content as a 
standard. Ammonia was estimated by steam distillation from 
a sodium tetraborate solution followed by nesslerization. 

The pH of buffer solutions was determined by the use of a 
glass electrode system calibrated against suitable standards. 
All pH determinations were made on 0.05 M solutions. 

Paper electrophoresis was done by the method of Crestfield 
and Allen (9). The relative rate of migration is expressed in 
terms of R,, the distance moved by the compound divided by the 
distance moved by picric acid. 

Separation of Threo and Erythro Isomers—The threo and 
erythro diastereoisomers of 8-methylaspartate can be distin- 
guished and separated from each other by their different rates 
of migration during paper electrophoresis in 0.1 M sodium for- 
mate buffer, pH 3.85. The threo isomers move towards the 
anode about 10 per cent faster (R, = 0.86) than the erythro 
isomers (R, = 0.73); after a potential of 1700 volts has been 
applied for 1 hour, the threo isomers are about 1.5 cm. ahead of 
the erythro isomers. The position of amino acids was deter- 
mined by reaction with ninhydrin (10). 

B-Methylaspartase Assay—The reaction mixture for the 
B-methylaspartase assay contained ethanolamine chloride buf- 
fer, pH 9.7, 0.05 mM; sodium L-threo-G-methylaspartate, 0.004 m; 
KCl, 0.01 m; MgCls, 0.001 m; enzyme; and distilled water to a 
final volume of 1.00 ml. The enzyme was added last in an 
amount sufficient to cause an optical density increase at 240 my 
of 0.04 to 0.40 per minute at 25°, using a l-cm. light path. 
Readings were taken at 30-second intervals after adding the 
enzyme. Over the indicated range, the reaction rate remains 
constant for several minutes and is directly proportional to the 
enzyme concentration (Fig. 1). 

The unit of 8-methylaspartase is defined as the amount of 
enzyme which forms | umole of mesaconate per minute under the 
above assay conditions. This corresponds to an optical density 
increase of 3.85 per minute at 240 mu. Specific activity is defined 
as units per mg. of protein. 


Preparation of Enzyme 


Charcoal-treated Extract—100 gm. of cell paste were homoge- 
nized with 150 ml. of 0.01 M potassium phosphate, pH 7.4. To 
50-ml. aliquots of the suspension were added 3 gm. of very fine 
(grade FFF) corundum, and the mixture was exposed to sonic 
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Fig. 1. Dependence of rate on enzyme concentration. The 
8-methylaspartase solution contained 9.75 ug. of protein per ml. 
The experimental conditions were those described in the text for 
the 6-methylaspartase assay. Optical density (O. D.) was meas- 
ured at 240 mz. 


vibration for 10 minutes in a Raytheon 10 ke. sonic oscillator 
cooled to 3°. 30 gm. of acid-washed charcoal (Nuchar C-190) 
were added to 250 ml. of sonicated suspension and the mixture 
was stirred for 20 minutes at 0° and then centrifuged for 40 
minutes at 14,000 x g. The clear charcoal-treated extract 
(230 ml.) contained over 90 per cent of the 6-methylaspartase 
activity present before the charcoal treatment. 

Protamine Treatment—To 230 ml. of the above extract (35 mg. 
protein and 76.6 units per ml.) were added 1.6 gm. of protamine 
sulfate dissolved in 160 ml. of water. The protamine solution 
was added dropwise while the solution was mechanically stirred 
at 0°. This operation required about 30 minutes. The solution 
was stirred an additional 15 minutes and then centrifuged at 
18,000 x g. The precipitate was discarded. 

Ammonium Sulfate Precipitation—To 329 ml. of the protamine- 
treated extract (9.7 mg. protein and 46.5 units per ml.) were 
added 16 ml. of 1 m potassium phosphate buffer, pH 7.4. Then 
121 gm. of powdered ammonium sulfate were added slowly with 
mechanical stirring to give a 0.55 saturated solution. After 
stirring an additional 10 minutes, the precipitate was centrifuged 
down and discarded. 62.5 gm. of ammonium sulfate were added 
to the supernatant solution to bring the concentration to 0.80 of 
saturation. The precipitate containing the enzyme was sepa- 
rated by centrifugation at 18,000 xX g and was dissolved in 84 
ml. of 0.01 m potassium phosphate buffer, pH 6.5. 

The 0.55-0.80 saturated ammonium sulfate fraction was 
dialyzed in 0.75-inch diameter cellophane tubing for 6 hours 
against 7 1. of 0.003 m potassium phosphate buffer, pH 6.5, at 
3° with stirring. During dialysis the volume increased from 84 


ml. to 106 ml. 
TABLE I 
Purification of B-methylaspartase 
Activity 
Fraction Volume |Protein 
Units | Yield 
ml mg xX 108 % 
Charcoal-treated extract. ..... 230 | 8040 | 38.4 100 4.8 
Protamine supernatant........| 329 | 3200 | 33.6 88 10.5 
0.55-0.80 saturated (NH,4)2SO, 
fraction (dialyzed).......... 106 | 1190 | 33.0 86 27.7 
58-75 per cent ethanol fraction. 32 118 ; 24.0 62 | 203. 
Calcium phosphate gel eluate... 31 88 | 19.2 50 218. 


Properties of B-Methylaspartase 


Ethanol Fractionation—This was done with relatively smal] 
aliquots of the dialyzed ammonium sulfate fraction in order to 
decrease the length of exposure of the enzyme to high concep. 
trations of ethanol. To an 18-ml. aliquot of the above fraction 
were added 2 ml. of 1 M potassium acetate buffer, pH 6.0. The 
solution was cooled to 0° in a —25° ice-ethanol freezing mixture | 
and 28 ml. of —10° absolute ethanol were added dropwise with | 
mechanical stirring to give a final concentration of 58 per cent 
(volume for volume). The temperature in the solution was 
gradually allowed to drop to —20° as ethanol was added. As 
soon as the addition of ethanol was complete, the solution was 
centrifuged for 5 minutes at 11,000 x g at —13°. The precipi- 
tate, which contained very little activity, was discarded. Ap- 
other 32 ml. of cold absolute ethanol, enough to give a final | 
concentration of 75 per cent, were added during approximately | 
5 minutes. After stirring another 5 minutes at —20° the pre. — 
cipitated enzyme was centrifuged at 10,000 « g ina —10° room. 
The supernatant solution was discarded and the enzyme was 
immediately dissolved in 4 to 5 ml. of 0.01 M potassium phos- 
phate buffer, pH 6.8. The vield of activity in this step varied | 
from 70 to 85 per cent. | 

Calcium Phosphate Gel Step—To a 10-ml. aliquot of the ethanol | 
fraction (3.7 mg. of protein per ml.) were added potassium ace- — 


tate buffer, pH 5.3, to give a final concentration of 0.025 M, cal- ; 


cium phosphate gel (11) equivalent to 0.40 mg. per mg. of pro- 
tein, and enough water to adjust the final protein concentration 
to 1 mg. per ml. After stirring 5 minutes, the gel was removed | 
by centrifuging 3 minutes at 10,000 x g and discarded. This — 
removed a small amount of impurity without appreciable loss of | 
enzyme. To the supernatant solution was added sufficient c¢al- 
cium phosphate gel (6.3 mg. per mg. of initial protein), packed 
by centrifugation, to adsorb most of the enzyme. After stirring 
the suspension for 10 minutes, the gel was centrifuged down and 
washed with 10 ml. of water. The enzyme was immediately 
eluted from the gel by suspending it in 3 ml. of 0.01 m potassium 
phosphate buffer, pH 7.2, stirring for 5 minutes, and centrifuging. 
The elution was repeated twice and the eluates were combined. 
The yield of activity varied from 70 to 90 per cent in this step 
and was larger when the time of exposure of the enzyme to the 
pH 5.3 buffer was kept to a minimum. 

- Table I gives data on a typical preparation of @-methylaspar- 
tase in which the enzyme in the charcoal-treated extract was — 
purified about 45-fold with an over-all yield of 50 per cent. 


Properties of Enzyme 


Optical Properties—The purified enzyme (specific activity, 
218) showed a typical protein ultraviolet absorption spectrum 
with a peak at 280 my and a minimum at 253 my. A solution | 
containing 1.00 mg. per ml. of enzyme in 0.005 m potassium — 
phosphate buffer, pH 6.5, had an optical density of 0.66 at 280 — 
mu. The 280 myu:260 my optical density ratio of 1.78 indicated | 
the enzyme was essentially free of nucleic acid and other com- 
pounds absorbing strongly at 260 mu. The absorption in the 
visible region and at wave lengths down to 320 my was negli 
gible. 

Stability—6-Methylaspartase is a very stable enzyme. Both 
erude and purified preparations of the enzyme in solution at 4 
concentration of 0.1 per cent or higher and at pH 6.5 to 8.0 can | 
be stored at —14° for months without appreciable loss of activity. 
Very dilute solutions may be less stable. Table II shows that. 


dilute solutions stored at —14° are most stable at about pH 63. _ 
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TaBLe II 
Stability during storage at —14° 

6-Methylaspartase solutions containing 9.75 ug. per ml. of en- 
zyme protein (specific activity, 216), 0.02 m buffer of the indicated 
composition and pH, and 0.1 per cent bovine serum albumin 
(BSA) as indicated, were stored at —14° and were thawed and 
assayed at intervals to determine the approximate half life of 
the activity. 


Half life in days 
pH Buffer 
BSA BSA added 
| 
6.18 KPO, > 227 
6.80 KPO, | 8.0 > 227 
7.92 Tris (hydroxymethyl) - 6.0 65 
aminomethane-Cl 
9.72 Ethanolamine-Cl 1.1 2.9 
100r 
> pH 6.8 
6O0F 
O 
+ 
a 
z 20 
= 
as i i i i | i i L i i i i i | i i i 
50 55 60 65 70 


DEGREES CENTIGRADE 


Fic. 2. Heat inactivation of B-methylaspartase as a function of 
temperature and pH. The reaction mixtures contained 15 ymoles 
of either ethanolamine chloride buffer pH 9.7 or potassium phos- 
phate buffer pH 6.8 as indicated, 3 wmoles of KCl, 0.3 uwmoles of 
MgCl., 3 wmoles of disodium mesaconate, 3 wmoles of NH,Cl 
(adjust to pH of buffer) and 0.02 ml. of a charcoal-treated extract 
containing 30 mg. protein per ml. in a total volume of 0.3 ml. 
The extract was added last after the other constituents had 
reached the indicated bath temperature. After 5 minutes in- 
cubation a 0.05-ml. aliquot of the reaction mixture was pipetted 
into 0.45 ml. of water at 0° and this solution was assayed for 
8-methylaspartase activity. The abscissa gives the incubation 
temperature and the ordinate gives the activity relative to that 
of a sample kept at 0°. 


The stability is greatly increased by the addition of 0.1 per cent 
bovine serum albumin. 

At 0° the enzyme retains its full activity for many hours in 
0.05 m buffers (pH 6.0 to 8.0). In more acid solutions the sta- 
bility is less: in acetate buffer (pH 4.8), 76 per cent of the initial 
activity remained after 150 minutes, whereas at pH 4.0 all 
activity was lost. 

At temperatures above 50° the activity of 8-methylaspartase 
in unfractionated charcoal-treated extracts declined at rates 
that were dependent upon the temperature, the pH, and pres- 
ence of substrates and cofactors. Fig. 2 shows that at higher 
temperatures the enzyme was much more stable at pH 6.8 than 
at pH 9.7. Other experiments have shown that the enzyme is 
considerably more stable in the presence of all of the components 
of the enzvme assay system than when one or more of the com- 
ponents is omitted. 
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Essential components of B-methylaspartase system 
The complete system contained 0.195 ug. of enzyme protein 
(218 units per mg.), 4 umoles of ethylenediamine salt of L-threo- 
8-methylaspartic acid, 10 umoles of KCl, 1 umole of MgCl. , and 


50 umoles of ethylenediamine chloride buffer (pH 9.76) in 1.0 ml. 
water; A 240 mu; 25°; O. D. = optical density. 


Campenente | A O. min. 
— B-methylaspartate................ 0.000 


Factors Affecting Activity 


Table [II shows the dependence of the rate of optical density 
change on §-methylaspartate, enzyme, MgCl:, and KCl, the 
components of the B-methylaspartase assay system. The rates 
observed in the absence of added MgCl: or KCl, though signifi- 
cant, are sufficiently small to suggest that both Mgt+ and a 
monovalent cation are essential for enzymatic activity (see 
below). 

Buffer and pH Effects—The following buffers can be used 
satisfactorily with 8-methylaspartase, at concentrations up to 
0.15 M, over a portion of its pH range: sodium orthophosphate, 
sodium tetraborate, tris(hydroxymethyl)aminomethane chlo- 
ride, ethylenediamine chloride, and ethanolamine chloride. The 
latter compound is the most satisfactory for many experiments 
because it buffers strongly near the pH optimum of the enzyme. 
With glycine, glycylglycine, and sodium carbonate buffers the 
reaction rate is generally lower at a given pH than with one of the 
previously mentioned buffers. Pyrophosphate or ethylenedia- 
minetetraacetic acid buffers are unsatisfactory, apparently be- 
cause of strong complexing with magnesium ion. 

The pH-activity curve of B-methylaspartase obtained by the 
use of phosphate, tris(hydroxymethyl)aminomethane, and 
ethylenediamine buffers is shown in Fig. 3. The pH range of 
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O TRIS-CI 
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RELATIVE ACTIVITY 


10 


6 7 8 9 
pH 

Fig. 3. Dependence of activity on pH. The experimental 

conditions were the same as in the enzyme assay except that the 

buffer and pH were varied as indicated. 0.24 ug. of enzyme pro- 


tein, specific activity 218, was used. 
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Fig. 4. Activation of 8-methylaspartase by magnesium and 
potassium salts. Conditions were the same as in the 8-methyl- 
aspartase assay system, except that 0.042 unit of enzyme (specific 
activity, 218) was used and the MgCl. or KCl concentration was 
varied as indicated. Abscissa for MgCl. curve: mM X 1074; for 
KCl curve: m X 107%. Ordinate: A O. D. at 240 my per minute X 
100. 


x 100 


i i L i 1 i i 1 1 i 


O 5 10 ke) 20 
Reciprocal of Mg* conc. x 1o-* 
Fic. 5. Competition between Ca** and Mg**t. Conditions 


were the same as in the 8-methylaspartase assay system, except 
that the MgCl. and CaCl, concentrations were varied as indicated. 
Velocity (V) is expressed in per cent of the velocity observed with 
0.002 m MgCl. in the absence of CaClo. 


TABLE IV 
Effect of monovalent cations 
The experimental conditions were the same as given in Table 
III, except that K* was replaced by the indicated monovalent 
cations. Lit, Na*, K*, NH,*, and Cs* were added as the chlo- 
rides; Rb* was added as the sulfate. 


AO. D. per min. 


Cation added Cation concentration 


0.01 M 0.05 M 


* Separate experiment. 


Properties of 8-Methylaspartase 


the enzyme is exceptionally wide, extending from pH 6.0 to 11.5, 
The pH optimum is about pH 9.7; the curve in this region js 
sufficiently flat to eliminate the necessity of precise pH control, 

Cation Requirements—The only divalent cation found to 
activate the enzyme was Mg**. The Ay for MgClo, calculated 
from the data of Fig. 4, is 1.2 & 10-4 M when other conditions 
are the same as in the enzyme assay. With 0.001 Mm MgCl, the 
rate is S9 per cent of the calculated maximal rate. Higher 
MgCl, concentrations are somewhat inhibitory; at 0.02 m the 
rate is reduced to approximately SO per cent of that at 0.001 x. 
Ca++, Sr*t+, or Mn** show no activity at concentrations 
of either 2 10-4mM or 1 X when tested as the chlorides. 
Mn** is inactive at both pH 9.76, where it tends to precipitate, 
and at pH 7.9, where it remains in solution. 

Ca** is a powerful inhibitor of 6-methylaspartase. For exam. | 
ple, under the conditions of the enzyme assay, the addition of 
0.001 Mm CaCl. reduced the rate to 4+ per cent of that in the ab- 
sence of calcium. CaSO, inhibits as much as CaCl, demon- 
strating that the effect is in fact caused by Catt. This inhibi- 
tion is the result of an antagonism between Cat* and Mg**. The 
competitive nature of this relation is indicated in the Lineweaver- 
Burk (12) plot of Fig. 5. It may be noted that with increasing | 
Cat** levels the concentration of MgCls required to give a maxi- 
mal rate is increased. Although the optimal Mg*+ concentra- 
tion in the absence of Ca** is about 0.001 M, in the presence of 
2 10°4mM CaCl, it is 0.015 M. 

The monovalent cation requirement of 8-methylaspartase is 
relatively nonspecific. Table IV shows the response to various 
‘ations at 0.0L M and 0.05 mM. The order of effectiveness at the 
lower concentration is > > Rbt > Lit > Nat > Cs*. 
Cs* and the cations of ethanolamine, ethylenediamine, or tris- 
(hydroxymethyl)aminomethane do not cause any demonstrable — 
activation of the enzyme. The small activation by Na‘ in | 
creases appreciably with concentration up to 0.1 mM. To elimi- 
nate the possibility that the small activation by Na* results 


e 


from the presence of K* as an impurity, a sample of spectro- | 
scopically pure NaCl was tested and found to be as effective as 
the reagent grade NaCl used in the experiment of Table IV. | 
The purity of the available LiCl and RbeSO, was not investi- ) 
gated, but the large response to these cations indicates the 
effect probably is not attributable to contamination with po-— 
tussium. | 
The influence of K*+ and NH,* concentrations on enzyme 
activity was examined in more detail. The Ay of KCI, caleu- | 
lated from the data of Fig. 4, is approximately 0.003 Mm. A, 
maximal rate is obtained at 0.01 to 0.02 Mm. At higher concen- | 
trations the rate falls off; with 0.1 m KCl the rate is 69 per cent — 
of the maximum (Fig. 6). Ammonium chloride is maximally — 
effective at a concentration of 0.01 mM. Higher concentrations 
inhibit markedly both in the presence and absence of KCl. 
In the presence of 0.01 mM KCI, the inhibition of the initial rate 
of mesaconate formation by 0.04 Mm (NH,4)2SOyq is 13 per cent and 
by 0.3 m, 60 per cent. The inhibitory action of ammonium sul- 
fate is generally too small to interfere seriously with the enzyme 
assav in samples obtained in ammonium sulfate fractionations. 
The cation effects described above were obtained by studying 
the conversion of L-threo-8-methylaspartate to mesaconate and_ 
ammonia. In the reverse reaction also the requirements for . 
<+ and Mg++ and the inhibition by Ca++ were demonstrated | 
qualitatively. | 
While comparing the rates of enzymatie decomposition of the : 
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Fic. 6. Dependence of the decomposition rates of L-threo- and 
L-erythro-8-methylaspartate on KCl concentration. Conditions 
were the same as given in Fig. 4, except that 0.062 unit of 8-methyl- 
aspartase (specific activity, 218) was used with the L-threo isomer 
and 6.2 units with the L-erythro isomer, and the substrate and KCl] 
concentrations were varied as indicated. 


t-threo and L-erythro isomers of B-methylaspartate, a consider- 
able difference was observed in the optimal KC] concentrations 
for the two substrates. Whereas the optimal concentration 
with the L-threo isomer was close to 0.02 mM, with the L-erythro 
isomer the rate was consistently faster at 0.08 m (Fig. 6). With 
the latter substrate added at a saturating concentration, the 
rate was 45 per cent higher with 0.08 m than with 0.01 m KCl. 

Temperature Dependence—Fig. 7 shows the dependence of 
B-methylaspartase activity on temperature. The highest ac- 
tivity was observed at 55°, but at this temperature the activity 
declined at an appreciable rate. 

Substrate Specificity—The only amino acids found to be at- 
tacked by #$-methylaspartase are 
L-erythro-B-methylaspartate, and L-aspartate. The Ky of L- 
threo-B-methylaspartate at pH 9.76, calculated from the data of 
Fig. 8, is 6.5 & 10-4 Mm and the maximal specific activity (Vmax) 
at 25° is 266 umoles per min. per mg. of protein. The Ky of 
L-aspartate is larger (0.0023 m) and the Vmax is much lower, 
2.4 umoles per min. per mg. of protein. The Ay for the L- 
erythro isomer of B-methylaspartate is the same as for the L-threo 
isomer, whereas the Vmax is 2.5 umoles per min. per mg. of pro- 
tein, very close to the value for L-aspartate. 

The relatively low activity of the enzyme preparation with 
the L-erythro isomer raises the question whether the same enzyme 
is responsible for the decomposition of both substrates. This 
point was examined by determining the ratio of activities with 
the L-threo and L-erythro isomers at various stages during puri- 
fication of B-methylaspartase. The finding that the activity 
ratio remained constant during the entire purification procedure 
indicates that the same enzyme acts on both substrates. This 
conclusion is also supported by the fact that the decomposition 
of both diastereoisomers is accelerated by K+ and Mg++ and 
inhibited by Cat*. 

In the reverse reaction mesaconate and fumarate can serve as 
substrates. With 0.4 m NH,Cl, mesaconate has a higher affinity 
for the enzyme (Ky = 0.0025 m) than fumarate (Ky = 0.011 m) 
but is utilized at approximately the same rate when each sub- 
strate is provided at 0.0025 m. The Ay for ammonium chlo- 
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Fic. 7. Dependence of rate on temperature. The following 
reagents were present in a volume of 0.96 ml.: ethanolamine 
chloride buffer (pH 9.7), 50 wmoles; sodium L-threo-6-methyl- 
aspartate, 10 wzmoles; KCl, 10 umoles; and MgCl2, umole. After 
equilibration in a water bath at the indicated temperature, 0.04 
ml. of 6-methylaspartase solution (4.9 ug. protein per ml.; 218 
units per mg. of protein) was added to start the reaction. After 
intervals of 5 and 10 minutes, 0.2-ml. aliquots were pipetted into 
0.8 ml. of 0.125 m potassium acetate buffer, pH 4.5, in a Beckman 
cuvette to stop the reaction. The optical density of this solution 
was measured at 240 mu. The zero time value was determined 
by substituting water for the enzyme solution. The reaction 
was linear with time except at 55 and 60°. The rate represents 
the change in optical density during the first 5 minutes. 


4 
= 


4 0.D/ Minute x!00 


if 


O 2 4 6 8 10 
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Fig. 8. Dependence of rate on L-threo-8-methylaspartate con- 
centration. The conditions were the same as in the 8-methyl- 
aspartase assay system except that the concentration of potassium 
L-threo-8-methylaspartate was varied as indicated and 0.24 ug. of 
enzyme protein, specific activity 218, was used. 


ride is approximately 0.075 mM; 0.4 M ammonium chloride allows 
a maximal rate of G-methylaspartate synthesis. 

The following compounds are not utilized at a detectable rate: 
p-aspartate, DL-a-methylaspartate, D-threo-B- 
methylaspartate, pL-alanine, B-alanine, DL-serine, DL-threonine, 
DL-valine, DL-a-aminobutyrate, DL-a-hydroxybutyrate, DL- 
malate, pi-citramalate, p1i-@-methylmalate, citraconate, ita- 
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TABLE V 
Extent of decomposition of 8-methylaspartate isomers 

The conditions were those of the 8-methylaspartase assay sys- 
tem except that 0.1 to 0.25 umole of substrate was used and the 
indicated amounts of enzyme of specific activity 218 were added 
per ml.: L-threo, pL-threo, and pb-threo, 1.0 unit; L-erythro, 5.3 
units; pL-erythro, 7.2 units. The reaction was continued until 
the optical density became constant (3 to 60 minutes). The 
yield of mesaconate was calculated from the optical density 
change at 240 mu. 


Isomer | Wield 
pL-Threo (Fraction 2). 0.48 
pL-Erythro (Fraction 5)............... 0.50 


conate, glutaconate, maleate, crotonate, isocrotonate, cis-aconi- 
tate, and trans-aconitate. 

Utilization of amino acids and hydroxy acids was tested by 
looking for an increase in optical density at 240 my when using 
0.01 mM substrate and sufficient enzyme to detect a rate 0.05 per 
cent of that with 6-methylaspartate. The utilization of un- 
saturated compounds for amino acid synthesis was tested by 
looking for a decrease in optical density when using 0.0025 m 
substrate, 0.4 m NH,Cl, and sufficient enzyme to detect a rate 5 
per cent of that observed with mesaconate. Neither methyl- 
amine nor ethvlamine can replace ammonia in the reaction with 
mesaconate. 

Table V gives the approximate percentage decomposition of 
low concentrations of several B-methylaspartate isomers in the 
presence of a high concentration of enzyme. The equilibrium 
in the 8-methylaspartase reaction is such that the reverse reac- 
tion is relatively insignificant under these conditions (see below). 
The data show that the L-threo and L-erythro isomers of B-methy!]- 
aspartate are converted virtually quantitatively to mesaconate, 
the pi-threo and pL-erythro mixtures are converted to the extent 
of about 50 per cent, and the p-threo isomer is not attacked. 
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Fic. 9. Reversibility of 8-methylaspartase reaction. The re- 
action mixture contained 0.02 m tris chloride buffer pH 8.0, 0.001 
M MgCl., approximately 0.001 m KCI and 0.8 unit of enzyme 
(specific activity, 6) in 0.95 ml. At zero time 0.05 ml. of 0.004 
M L-threo-8-methylaspartate was added. After 10 minutes 0.02 
m] of 1m (NH,4).SO,4 was added. 


Properties of 8-Methylaspartase 


These results demonstrate that only one enantiomorph of each 
DL pair is decomposed by 8-methylaspartase. 
Products of @B-Methylaspartate Decomposition—When 


1.20 
umoles of L-threo-B-methylaspartate were exposed to the action 
of 7.8 wg. of enzyme protein (specific activity, 200) in a 3-ml. 
reaction mixture containing 0.1 M_ tris(hydroxymethy]l)amino. 
methane chloride buffer (pH 7.9), 0.01 m KCl, and 0.001 y 
MgCl, until the reaction stopped, 1.28 uwmoles of mesaconate, 
determined by the increase in optical density at 240 my, and 
1.17 wmoles of ammonia, determined by steam distillation and 
nesslerization, were formed. The conversion of L-threo-g. 
methyl aspartate to mesaconate and ammonia was complete 
within the accuracy of the methods used. 

Mesaconate has already been identified as a product of gluta- 
mate decomposition by crude extracts of C. tetanomorphum (1) | 
which also decompose B-methylaspartate. Identification of the 
ultraviolet-absorbing product formed from L-threo-6-methyl- 
aspartate by purified 6-methylaspartase as mesaconate was 
supported by paper chromatography of the product in a separate, 
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larger scale experiment. The acidified reaction mixture was | 
extracted with ether and the extract was chromatographed on 
paper using a n-pentanol-formic acid solvent (13). The un- 
saturated acid, detected as a single dark ‘“‘quenching”’ spot under 
an ultraviolet light, moved with an Rr of 0.83, identical with 
that of authentic mesaconic acid. The other C; unsaturated 
decarboxylic acids have considerably lower Ry values: citraconic, 
0.63; itaconic, 0.68; and glutaconic, 0.70. Mesaconate has also 
been identified by the same methods as a product of the de- 
composition of L-erythro-8-methylaspartate by purified B-methy!- 
aspartase. 

B-Methylaspartase Equilibrium—Fig. 9 shows evidence for the 
reversibility of Reaction 2. The addition of 0.2 umole of 1- 
threo-B-methylaspartate to a reaction mixture containing | unit 
of enzyme resulted in a rapid increase in optical density at 240 
my as a result of the formation of mesaconate. After equilibrium 
was reached, the addition of 40 umoles of ammonium ion caused 
the mesaconate concentration to decline to a new equilibrium — 
level. 

The apparent equilibrium constant for Reaction 2 was de- 
termined by using reaction mixtures with various initial con- 
centrations of reactants and measuring the equilibrium concen- 
tration of mesaconate spectrophotometrically. From the change | 
in mesaconate concentration, the equilibrium concentrations of 
the other reactants could be calculated (Table VI). Under the 
conditions of these experiments, the formation of L-erythro-6- 
methylaspartate was negligible. Therefore the results apply only 
to the reaction between L-threo-B-methylaspartate, mesaconate, 
and ammonium ion. The average value for the apparent equilib- 
rium constant for the forward reaction is 0.306 at pH 9.7 and 
0.238 at pH 7.9. The corresponding free energy changes ar" 
at 25° are 700 calories and 850 calories, respectively. 

Despite the somewhat unfavorable equilibrium constant for 
the decomposition of L-threo-B-methylaspartate, the reaction goes 
virtually to completion when the amino acid is provided in 
relatively low concentrations. For example, with an_ initial 
concentration of 0.01 M, 96 per cent is decomposed. The dis- 
placement of the reaction in the direction of 8-methylaspartate | 
decomposition at low substrate concentrations is dependent j 
upon the fact that one substrate is converted to two products. | 
At high substrate concentrations, the equilibrium strongly | 
favors amino acid synthesis. By appropriate manipulation o! | 
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reactant concentrations, B-methylaspartase can readily be used 
either for the synthesis of L-threo-8-methylaspartate or for its 
virtually complete decomposition. 

Enzymatic Estimation of L-Threo-B-methylaspartate—The 
method is based upon the quantitative conversion of the amino 
acid to mesaconate which is estimated spectrophotometrically. 
The details of the method have already been described (3). 
Fig. 10 shows that the optical density change is a linear function 
of the amount of L-threo-8-methylaspartate between 0.01 and 0.2 
umole. Since the molar extinction coefficient of mesaconate at 
240 mp is 3.85 * 10° cm.? per mole, the slope of the line repre- 
sents a mesaconate yield in excess of 99 per cent. 


DISCUSSION 


Although L-threo-8-methylaspartate is much the best substrate 
for B-methylaspartase, both the presumed L-erythro isomer and 
L-aspartate are decomposed at considerable rates. The utiliza- 
tion of L-aspartate raises the question of the relation between 
3-methylaspartase and aspartase. These seem to be different 
enzymes, since Virtanen and Tarnanen (14) reported that mesa- 
conate is not used as a substrate by aspartase. The pH optimum 
of aspartase, pH 7.5, is also very different from that of 8-methy]- 
aspartase, pH 9.7. 

Since B-methylaspartase forms and decomposes two diastereo- 
isomers of B-methylaspartate, the presumed L-threo and L-erythro 
forms, at very different rates, the enzyme can be used for the 
preparation of all four of the diastereoisomers. Preparations of 
the L-threo and the t-erythro forms from mesaconate and an 
ammonium salt have been described. p-threo-8-Methylaspartic 
acid has been prepared by decomposition of the L-threo form in a 
synthetic pL-threo mixture. The same method could be used for 
preparing the p-erythro form from a synthetic DL-erythro product, 
but this has not yet been done. 

The nomenclature that has been used to refer to the four 
diastereoisomers of 6-methylaspartate requires some comment. 
The compound we have called .L-threo-6-methylaspartate has 
been proved to have the L configuration on the a carbon atom, 
whereas the evidence for the threo configuration is presumptive 
but not conclusive (3). The compound referred to as p-threo-6- 
methylaspartate has specific rotations in water and hydrochloric 
acid solution approximately equal in magnitude and opposite 
in sign to those of L-threo-8-methylaspartate. Undoubtedly it 
has the a-p configuration, but the assignment of the threo con- 
figuration is dependent upon the same presumptive evidence used 
to identify .L-threo-B-methylaspartate. The compound referred 
to as L-erythro-B-methylaspartate was assigned this configuration 
on the basis of three lines of evidence. First, its optical rotation 
is more positive in acid than in neutral solution (7). Second, the 
L configuration is consistent with the known specificity of B- 
methylaspartase for L-aspartate and L-threo-B-methylaspartate. 
Third, a comparison of its specific rotations in acid and in water 
with the values calculated from the specific rotations of aspartic 
acid and methylsuccinic acid, assuming the contributions of the 
two asymmetric centers are additive, indicates an L-erythro 
configuration. 

The main role of 6-methylaspartase is in the energy metabo- 
lism of C. tetanomorphum. When the organism is grown on 
glutamate, the energy-yielding process is the conversion of this 
substrate to ammonia, acetate, butyrate, and carbon dioxide 
(15). and mesaconate have been 
shown to be intermediates in this fermentation (16). @-Methy]- 
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TaBLe VI 
Equilibrium of B-methylaspartase reaction 


The reaction mixture contained 0.05 m buffer (ethanolamine 
chloride pH 9.7 or tris(hydroxymethyl)aminomethane chloride, 
pH 7.9) as indicated, 0.01 m KCl, 0.001 m MgCle, 1.5 units of 
8-methylaspartase, and the indicated concentrations of sodium 
L-threo-B-methylaspartate (GMA), sodium mesaconate (Mesac.), 
and ammonium sulfate in a total volume of 1.0 ml. 25°. Incuba- 
tion was continued for 4 to 9 minutes until the optical density 
at 240 mu became constant. 


| =| 
Initial concentration Final concentration 
pH | 
| 
BMA  Mesac. | | SMA | Mesac. | NH¢ 
mM | mM mM mM Mm | mM 
9.7 0.190 | — 36 | 0.021 | 0.169 36.2 | 0.291 
0.208 36 | 0.186 | 36.0 0.310 
0.190 — 72 0.034 | 0.156 72.2 | 0.331 
0.208 :0.043 | 0.165 | 72.0 | 0.276 
0.190 Boy 135 | 0.058 | 0.132 | 135 0.307 
0.208 1385 0.062 0.146 | 135 0.318 
0.199 — 180 0.072 | 0.118 180 0.295 
— 0.208 180 0.075 0.133 180 = 0.319 
Average... (0.306 
7.9 (0.199 — 100 0.058 0.132 100 0.228 
0.190 200 0.083 0.107 200 0.258 
— | 0.208 100 0.068 | 0.140 | 100 0.206 
0.208 | 200 0.090 | 0.118 | 200 0.262 
Average... 0.238 
12 
Br 
a 
x 6F 
aL 
2 


Micromoles $-Methylasportate 


Fia. 10. Estimation of 8-methylaspartate. The conditions were 
those used for 8-methylaspartase assay, except that the indicated 
amounts of L-threo-8-methylaspartate and one unit of enzyme 
(specific activity, 200) were added per ml. The optical density 
was measured at 240 my until the readings became constant (3 to 
5 minutes at 25°). The ordinate represents the change in optical 
density corrected for a blank without added amino acid. 


aspartase appears to be essential for the formation of ammonia 
and mesaconate. At present no other role is known for the 
enzyme. However, since all the reactions between glutamate 
and mesaconate are readily reversible, 8-methylaspartase can 
participate in the synthesis of glutamate by way of 8-methyl- 
aspartate in any organism that has the appropriate enzymes 
and a source of mesaconate and ammonia. 
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SUMMARY 


6-Methylaspartase, a new enzyme catalyzing the reversible 


deamination of 6-methylaspartate to mesaconate, was found in 
Clostridium tetanomorphum, grown on glutamate. The enzyme 
was purified 45-fold with a 50 per cent vield. The purified 


Properties of B-Methylaspartase 
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methylaspartate. Some kinetic properties of the enzyme and 
the equilibrium of the reversible deamination of 6-methylaspar. 
tate were determined. Preparations of two B-methylaspartate 


isomers, probably the p-threo and the t-erythro forms, and an | 


electrophoretic method of separating the threo and erythro isomers 


enzyme is stable, very active, and relatively specific for L-threo-B- are described. 
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In 1894, Mérner (1) reported that lens tissue consisted of two 
soluble proteins and an insoluble component. The soluble pro- 
teins were referred to as “alpha” and “beta crystallins” and the 
insoluble component was named albuminoid. Jess (2) later 
confirmed these results. Since this early work, there have been 
many attempts to purify the lens proteins. Using isoelectric 
and salt) precipitation, Woods and Burky (3) isolated two 
components which were immunologically distinct. These pro- 
teins were identified as the alpha and beta crystallins which had 
heen previously described. Later, Burky and Woods (4) re- 
ported a third soluble protein which was named gamma crystal- 
lin. Krause (5, 6) isolated the four lens proteins and on the 
basis of amino acid analysis suggested they were different. 

Using free solution electrophoresis, Hesselvik (7) demon- 
strated only two components in cattle lens. The faster moving 
component was claimed to be alpha crystallin and the slower 
protein the beta fraction. Viollier et al. (8), found the same 
number of components in horse, cattle, and pig lenses. Smelser 
and von Sallmann (9) obtained three proteins in the mouse 
lens and Francois et al. (10, 11), using paper strip electro- 
phoresis, reported three protein bands in solutions from cattle, 
pig, horse, and rabbit lenses. 

Until 1955, it was rather generally accepted that there were 
only three soluble proteins in the lens. However, the immuno- 
logical studies of Rao et al. (12), suggest the presence of at least 
six different soluble antigens in beef lens. Also, Halbert et al. 
(13), have found five soluble antigens in the rabbit lens. 

Because other soluble proteins appeared to be present in lens, 
it was the objective of this study to isolate, purify, and de- 
scribe them. 


EXPERIMENTAL 


Materials and Methods 


Preparation of Soluble Lens—Albino rabbits (approximately 3 
kg.) were decapitated and the lenses carefully removed and 
lreed from vitreous, aqueous, and capsular materials. The 
iresh lenses were homogenized with a Potter-Elvehjem glass 
homogenizer in 0.9 per cent saline solution with the use of 1 ml. 
of solvent per lens. The extract was centrifuged (3000 x g) 
ina refrigerated centrifuge for 30 minutes. The supernatant 
solution was decanted into a chilled flask and the residue re- 
extracted with the same volume of fresh saline solution until 
the protein content of the final supernatant solution was less 


*This work was supported in part by Grant B-984(c), United 
States Public Health Service. 


than | mg. per ml. The supernatant solutions were pooled and 
the total protein determined with the use of the biuret technique. 
It was observed that 90 to 95 per cent of the total soluble pro- 
teins were removed in the first two extractions and that three 
extractions were sufficient for the conditions described. 

Electrophoretic Procedure—TVhe lens solution was diluted with 
distilled water to contain 5 mg. of protein per ml. and run for 48 
hours in the Spinco model CP Continuous Flow electrophoresis 
apparatus. The analysis was made at 4° in Veronal buffer at 
pH 8.9 and ionic strength of 0.02. The current used was 60 
ma. and the sample flow rate was adjusted to deliver about 3.2 
ml. per hour. The lower curtain was equilibrated for 1S hours 
before the sample was applied. 

Staining Procedure—At the completion of the separation, the 
lower curtain was dried in an oven and stained for 6 hours with 
bromphenol blue (0.1 gm. of dve and 50.0 gm. of zine sulfate in 
1 1. of 5 per cent acetic acid). Excess dve was removed by 3 
successive rinses in 5 per cent acetic acid over an 18-hour period. 
The proteins were fixed for 1 hour in 0.3 per cent sodium acetate 
dissolved in 5 per cent acetic acid. The stained curtains were 
dried at room temperature. 

Analysis of Fractions—Fractions collected from a 48-hour run 
were dialyzed for 18 hours at 2° against triply distilled water 
and the total protein of each fraction quantitated by the biuret 
method. 

RESULTS 

Isolation and Crystallization—The soluble proteins from rabbit 
eve lens were extracted and separated electrophoretically as 
previousiy described. It can be seen from Fig. 1 that the 
stained lower curtain contained five separate components which 
showed different migratory patterns. Examination of the 
lower curtain suggests that purest fractions occurred in collec- 
tion tube Nos. 6, 8, 11, or 12; 15 and 27 or 28. After each 
fraction was dialyzed free from salts, the total protein content 
was determined (Fig. 2). Five peaks occurred with points of 
optimal concentration in tube Nos. 7, 9, 12, 15, and 27; thus 
there is close correspondence to the stained bands of Fig. 1. 

All five components showed the following properties: (a) 
denaturation by heat, (b) precipitation with trichloroacetic acid, 
(c) failure to dialvze through a cellulose casing, (d@) hydrolysis 
in concentrated acid or alkaline solutions and (e) a positive 
reaction with biuret. Also, Fractions | to 4 were poorly soluble 
in distilled water whereas Fraction 5 was readily soluble. All 
fractions demonstrated greatest solubility in an alkaline solution 
between pH 8 and 10. The ease with which Fractions | to 4 
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Fig. 1. Stained lower curtain from an electrophoretic separa- 
tion of soluble rabbit eve lens proteins. 
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Proteins from Rabbit Kye Lens 


ELECTROPHORESIS TUBES 
Fic. 2. Relative protein concentrations measured in the collec- 

tion tubes of an electrophoretic analysis of rabbit lens proteins. 


TABLE I 
Conditions for crystallization of rabbit eye lens proteins 


Globulin 


Concentration Aliquot of Veronal Saturated 
fraction No. of proteins — protein used © buffer* (NH4)2SOgt 
| mgz./100 ml. mil, mi, | mil, 
} 
1 | 34 | 20 | 8 20 
2 8 20 
3 | 70 | 20 | 5 20 
4 44 | 20 5 20 
5 60 20 | 20 20 


* The Veronal buffer was at pH 8.6 and 0.02 ionic strength. 
{ Ammonium sulfate solution contained 0.73 gm. per ml. 
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were hydrolyzed in alkali was observed when extracts of lenses 
were made with 0.1 m NaOH. Such preparations, when sub- 
sequently measured in the electrophoresis apparatus, showed one 
protein band corresponding to Fraction 5 with only traces or the 
complete absence of the other fractions. However, when 0.1 
M NH,OH was used as a solvent, little effect was observed. This 
was of particular interest since Woods and Burky (3) used 0.1 
NH,OH as a solvent in their lens protein preparations. 

Attempts were made to crystallize the proteins which were 
collected in those tubes represented by the peaks of the curves 
in Fig. 2. The contents of a 48-hour run were dialyzed free 
from buffer and concentrated by forced air evaporation. Crys- 
tals were obtained in poor yield by a number of different tech- 
niques; however, conditions which gave the best vield are sum- 
marized in Table I. Veronal buffer was added to each dialyzed 
fraction and mixed by mild agitation. Saturated ammonium 
sulfate was then added dropwise with careful stirring until a faint 
cloudiness cecurred. Almost immediately crystals formed with 
Fractions | to 4, and Fraction 5 crystallized on standing in the 
cold room for 1 hour. Upon standing overnight in the cold, 
the crystals grew into long clumps of fine needles as can be seen 
in Fig. 3.) As 50 per cent saturation with ammonium sulfate is 
approached, Veronal buffer begins to crystallize. The develop- 
ment of buffer crystals can be minimized by avoiding an excess 
of buffer and ammonium sulfate. A higher ionic strength of 
buffer was needed in the final mixture to crystallize Fraction 5, 
Under these conditions, buffer crystals always form; however, 
they may be subsequently removed by dialysis. 

Inasmuch as buffer crystals frequently form under these 
conditions, it was necessary to differentiate them from the 
protein crystals. This was done by x-ray diffraction. Crystals 
were formed from Fraction 2 ina manner which would purposely 
vield both the protein and buffer patterns as shown in Fig. 3. 
This mixture of crystals and a second sample crystallized from 
buffer alone were collected by filtration and dried under a vacuum 
in a desiccator at refrigeration temperature. The crystal sam- 
ples were ground in a mortar and the x-ray diffraction patterns 
were compared. The patterns conclusively showed the protein 
fraction to have lines which corresponded to the buffer crystals, 
and in addition another intense band was present. This ad- 
ditional crystalline component had a pattern which resembled 
an organic compound and repeated itself at approximately 7.7 
A units. 

Solubility in Salt-free Water and Ammonium Sulfate—It was 
observed that as the buffer salts were removed, by dialysis, 
Fractions 1 to 4 acted as euglobulins whereas Fraction 5 re- 
mained soluble. 

The solubility of each fraction in ammonium sulfate was 
determined by dissolving weighed amounts of salt in aliquots 
of each protein which had been adjusted to pH 8.0 with 0.1 
mM NaOH. The tubes were incubated at 25° for 30 minutes and 
centrifuged. The supernatant solutions were placed in a 
boiling water bath for 20 minutes to determine the presence of 
unprecipitated protein. The residues were dissolved in water 
and the recovered protein quantitatively measured. It can be 
seen from Fig. 4 that each protein was precipitated in almost 
quantitative yields in 50 per cent saturated ammonium sulfate, 
a finding suggesting that these components were globulins. The 
supernatant solutions showed protein coagulation only in those 
tubes which had not reached the plateau or point of theoretical 
yield. 
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Fig. 3. Photomicrographs of crystals prepared from the five soluble proteins isolated from rabbit eye lens. (Magnification Jy 
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Fig. 4. Solubility curves of the proteins isolated from rabbit eve lens. 


Globulins shown here correspond to the five peaks in Fig 2. 


Isoelectric Point—Isoelectric points of the fractions were 
estimated from their solubility curves at varying pH values. 
The procedure was as follows. 2.0 ml. of 0.5 M acetate or phos- 
phate buffer was introduced into calibrated cuvettes and 1.0 ml. 
of protein (10 mg. per ml.) added. The tubes were shaken, and 
incubated for 1 hour at 30°, and the optical density was measured 
in a Coleman junior spectrophotometer at 610 my wave length. 
Immediately after the spectrophotometric readings, the pH was 
measured in a Beckman model G pH meter. Inasmuch as 
slight differences between the pH of the original buffer and the 
final mixture were sometimes observed, only the final values 
are recorded in Fig. 5. It is evident from these data that 
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The salt used was ammonium sulfate at 24° and pH 8.0. 


Fractions | to 4 have similar solubilities, under these conditions; 
however, Fraction 5 is considerably different. 

Absorption Spectrum—FEach of the five proteins was adjusted 
to 10 mg. per 100 ml. in Veronal buffer at pH 8.6 and ionic 
strength of 0.01. The absorption measurements were made 
between 240 and 320 mu wave length with a Beekman model 
DU spectrophotometer and the use of a hydrogen lamp light 
source. Readings were made at room temperature (28°) in a 
l-cm. silica cell. 

From Fig. 6 it can be seen that the absorption spectra of the 
five proteins showed rather broad peaks at 280 my. The 
presence of aromatic amino acids in each can therefore be con- 
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cluded. There was no evidence for the presence of chemical 
groups which would absorb light in the visible or ultraviolet 
region other than those mentioned above. The extinction 
coefficients for globulins Nos. 2, 3, 4, and 5 were essentially 
identical; however, globulin 1 had a higher value. 

Sedimentation Values—Fach fraction was concentrated by 
evaporation and dialyzed for 24 hours at 3° against Veronal 
buffer at pH 8.7 and ionic strength of 0.02. Analysis was per- 
formed in a Spinco model E electrically driven ultracentrifuge. 
The centrifuge was run at maximal speed (59,780 r.p.m.) which 
gave an average centrifugal field of approximately 275,000 x g. 
The total protein of each solution was measured, before the run, 
with use of a refractive index procedure which assumes a re- 
fractive index increment of 0.00184 for a protein solution of 1 
per cent concentration. ‘The sedimentation results are recorded 
in Svedberg units where S = 1 x 10-"%. From Table II, it can 
be seen that globulins 1, 3, and 4 have identical sedimentation 
rates which suggest similar molecular weights. On the other 
hand, globulin 2 showed the smallest value whereas globulin 5 
was extremely large. 

Globulins 1, 2, 3, and 5 showed complete homogeneity. 
Globulin 4 contained only a slight trace of another protein which 
showed rapid movement early in the centrifugation. The 
sedimentation of the contaminant resembled globulin 5.:°— 


DISCUSSION 


It has been shown that the soluble proteins from rabbit eye 
lens can be separated by continuous flow electrophoresis into at 
least five different components. ‘These data are supported by 
the immunological findings of other workers (13). Each of the 
five proteins was crystallized with ammonium sulfate, and 
although the present nomenclature of lens fractions isolated by 
earlier workers (alpha, beta, and gamma crystallins) imply that 
these proteins have been crystallized, on the contrary, this has 
not been reported previously. 

The solubility curves in ammonium sulfate suggest that they 
are all globulins. However, caution should be used in such a 
classification since a number of albumins and globulins have been 
isolated which do not conform to this classification. These data 
further suggest that globulins 1 to 4 resemble euglobulins and 
globulin 5 is a pseudoglobulin. 

The proteins showed a definite insolubility at specific pH 
values. Globulin 5 showed optimal precipitation at pH 4.6. 
This value closely corresponds to that reported by Woods and 
Burky (14) for the isoelectric point of their alpha crystallin 
fraction (pH 4.8 to 5.0). They reported beta crystallin to have 
a rather broad isoelectric point (pH 6.0 to 7.4). The values 
which we observed for globulins 1 to 4 also covered a broad 
range; however, they were somewhat lower between pH 5.0 and 
5.8. Hesselvik (7) reported alpha to be 5.1 and beta, 6.1. This 
suggests further that Fraction 5 is the alpha crystallin of earlier 
workers. 

Each of the five proteins absorbed ultraviolet light at 280 mu 
wave length which is typical for proteins which contain pheny]l- 
alanine, tyrosine, or tryptophane. These amino acids have been 


identified in the lens proteins isolated by earlier workers (5, 15, 
16). The extinction coefficients for globulins 2 to 5 appear 
almost identical, on the other hand that of globulin 1 suggests a 
higher concentration of these amino acids. 

From the data it appears that four of the five proteins isolated 
by paper curtain electrophoresis are completely homogeneous 
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Fig. 6. Ultraviolet absorption curves of the five globulins 
isolated from rabbit eye lens. 


TABLE II 


Sedimentation and homogeneity of rabbit eye lens proteins purified 
by continuous-flow electrophoresis 


| | protein | | Homogeneity 
g./100 ml. % 
6,7 0.11 10.2 3.93 
2 9, 10 0.60 10.5 2.11 99+ 
3 11, 12 0.22 8.7 3.90 99+ 
4 | 15, 16,17 0.38 8.5 3.96 Major 
compo- 
nent 
5 26, 27, 28, 29 0.27 8.7 19.20 99+ 


* Compare Fig. 2. 


in the ultracentrifuge. However, it should be noted that the 
protein concentration of the fractions was of the order of 0.1 to 
0.6 per cent and complete homogeneity should be claimed with 
some reservation. Fraction 4 contained a trace impurity which 
resembled a molecule of high molecular weight. It is possible 
that this substance is a contaminant from Fraction 5 inasmuch 
as the stained curtain (Fig. 1) shows a trailing effect of the fast 
moving component as it moves across the complete curtain 
towards the anode. This is further evidenced by the fact that 
the peak of Fraction 5 (Fig. 2) is always preceded by tubes 
containing measurable quantities of this component. On the 
other hand, we have not been able to account for the albumin 


2 | 333 
GLOBULIN | 
0.9) 
08 
| wear | 
> | GLOBULIN 2 
2 | 
| 
| | | 03 | 
| 
| 
ns; 
| 
ec 
nic 
ule | 
rht 
il 
the 
‘he ; 
on- | 


334 


(gamma crystallin) reported by Woods and Burky (4), and the 
contaminant might be another protein which has an electro- 
phoretic mobility resembling Fraction 4. 

Since the diffusion constant and partial specific volume of the 
proteins are unknown, the exact molecular weights cannot be 
determined; however, if one assumes these values to be in the 
average range, it is possible to estimate « molecular weight 
range based upon sedimentation constants of other proteins. 
On the basis of this assumption, the molecular weights of Frac- 
tions 1, 3, and 4 resemble that of serum albumin, having a value 
of 60,000 to 80,000. This value approximates that reported by 
Krause (17) for beta crystallin. Fraction 2 showed a lower 
sedimentation rate and would have a molecular weight of about 
15,000 to 25,000. Fraction 5, which resembles the alpha crystal- 
lin of other workers, has an extremely high sedimentation rate 
which would place its molecular weight at about 1 to 1.5 x 10°. 
Francois et al. (18), reported alpha crystallin to have a molecular 
weight of 1,200,000 whereas that of the beta crystallin was in the 
range of 200,000. 

Although we have been able to isolate five proteins from the 
rabbit eye lens and describe properties which indicate some 
differences and similarities in their structure and behavior, fur- 


Proteins from Rabbit Eye Lens 


Vol. 234, No. 2 


ther chemical and immunological analvsis is necessary for their 
precise characterization. 


SUMMARY 


1. Five proteins have been isolated and crystallized from saline 
extracts of rabbit eye lens. 

2. It was shown that all five proteins were precipitated in 
quantitative vields in approximately half saturated ammonium 
sulfate. 

3. Isoelectric points, absorption spectra, and sedimentation 
values were measured for each protein and their relationship to 
previous work discussed. 
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Pyrroline-5-carboxylate Reductase of Neurospora crassa: 
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Previous studies (1, 2) with mutant and wild type strains of 
Neurospora crassa have pointed to glutamic y-semialdehyde and 
its spontaneously cyclized form, A!-pyrroline-5-carboxylate, as 
intermediates in the biosynthesis of proline. These studies, 
based largely on experiments in vivo, have recently been sub- 
stantiated through work in vitro with extracted enzymes (3, 4). 
The terminal step in proline formation, namely the reduction of 
PC,! was shown (3) to be catalyzed by pyrroline-5-carboxy late 
reductase according to the following schematic equation: 


H.C CH, 
| + TPNH + H+ 
HC CH—COOH (or DPNH) 
N 
| (1) 
TPN*+ 
H.C CH—COOH (or DPN*) 
N 
H 


The present paper is concerned with a characterization of this 
enzyme. 


EXPERIMENTAL 


Materials 


Organisms—The organisms used are a wild type strain (St. 
Lawrence 74A) and a proline-requiring mutant strain (21863 
(5)) of crassa. 

Compounds—The substrate, PC, was synthesized as previously 
described (6). 1-Proline was obtained from General Biochemi- 
cals, Inc. TPNH and DPNH were products of the Sigma Chemi- 


eal Company. 


* This investigation was aided by the Atomic Energy Commis- 
sion, contract No. AT-(30-1)-1017, by the American Cancer So- 
ciety, on recommendation from the Committee on Growth of the 
National Research Council, and by a contract between the Office 
of Naval Research, Department of the Navy, and Yale University. 

t The data in this paper are taken from a dissertation presented 
by Takashi Yura to the faculty of the Graduate School of Yale 
University in partial fulfillment of the requirements for the degree 
of Doctor of Philosophy, June, 1957. 

{Present address, Institute of Microbiology, Rutgers Uni- 
versity, New Brunswick, New Jersey. 

'The abbreviation used is: PC, A!-pyrroline-5-carboxylate. 


Assay of Enzyme Activity 


Standard Assay Conditions—The activity of the enzyme was 
assayed through the measurement of the optical density de- 
crease (at 340 mu) resulting from the oxidation of TPNH or 
DPNH. Assays were run at 25° in a Beckman spectropho- 
tometer (light path, 1 cm.). The complete system contained 
300 uwmoles of potassium phosphate at pH 7, 6 umoles of PC, 
0.6 umole of TPNH or DPNH, enzyme solution, and water to 
3 ml. <A control mixture, in which PC was omitted from the 
complete system, was prepared for each assay. The reaction 
was usually started by the addition of enzyme, and optical 
density readings were taken every 1 or 2 minutes for 10 to 20 
minutes. Since the reaction was found to follow first order 
kinetics in which the pyridine nucleotide is rate-limiting, re- 
action rates are expressed in terms of the first order velocity 
constant, k. 

Unit and Specific Activity of Enzyme—A unit of pyrroline-5- 
carboxylate reductase is defined as the amount of enzyme that 
will give k = 1 X 10-* minutes“ under standard conditions 
when DPNH is used as nucleotide. The specific activity of a 
given reductase preparation is taken as units of the enzyme per 
mg. of protein in this preparation. 

Protein Determination—Protein was determined by the method 
of Lowry et al. (7). 


Partial Purtfication of Enzyme 


Crude Enzyme Extract—For the preparation of crude extracts, 
mycelia (1.0 part, wet weight) of VV. crassa grown on minimal 
medium (8) at 30° were harvested, rinsed with distilled water, 
squeezed, and extracted by grinding with sand (0.5 part) in 
cold 0.1 Mm potassium phosphate (0.5 part) at pH 7. The re- 
sulting mixture was centrifuged at about 100,000 x g for 1 hour 
at approximately 3°, and the supernatant fluid was used as 
crude extract (‘enzyme Preparation A). Crude extracts could 
also be prepared from lyophilized mycelia. The subsequent 
steps were carried out at 0—5°. 

Protamine Treatment—Protamine sulfate, dissolved in 0.1 M 
potassium phosphate buffer (pH 7) to give a 1.5 per cent solu- 
tion (pH 6.7), was added to the crude extract in the proportion 
of 1 ml. of protamine solution per 100 mg. of protein in the 
extract. After 15 minutes, the resulting mixture was clarified 
by centrifugation (Fraction B), and the sediment obtained was 
discarded. 

First Ammonium Sulfate Fractionation—To Fraction B, 
powdered ammonium sulfate was added to 25 per cent of satura- 
tion. The saturating amount (at approximately 0°) of am- 
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monium sulfate was taken as 720 gm. added to 1 |. of aqueous 
solution. The precipitate thus obtained was removed by 
centrifugation and discarded. The resulting supernatant 
solution was brought to 35 per cent of saturation and the pre- 
cipitate formed was collected and dissolved in 0.1 M potassium 
phosphate at pH 7 (Fraction C). 

Ammonium Phosphate Fractionation—Fraction C was further 
fractionated by the addition of powdered dibasic ammonium 
phosphate. For this salt, the saturating amount was taken as 


TABLE 
Summary of enzyme purification 


> Over- 

Total IE S fi 
Enzyme fraction Protein ia 

units / 

mil. meg. unils mg. % 

protein 
200 | 2500 45,000 18 | 100 
B. Protamine-treated.........| 222 | 1600 |43,200; 27 96 
C. First ammonium sulfate....., 20 260 36,700) 141 82 
D. Ammonium phosphate...... 5 75 28,800 385 64 
E. Second ammonium sulfate... 3 32 19,700 615 44 

TABLE II 


Effect of pH on PC reductase activity 


The conditions employed were standard, except that the pH 
was varied by the use of suitable mixtures of KH2PO, and 
K,HPO, at constant total phosphate concentration (0.1m). The 
final pH was determined with a Beckman model G pH meter. 


Relative reaction rate 

pH 

TPNH DPNH 
5.5 50 89 
6.0 72 100 
6.5 87 86 
7.0 100 67 
7.9 94 51 
8.0 7 39 

TaBLeE III 


Specific activity of PC reductase at various growth stages 
Mycelia of the organism were grown at 30° in Fernbach flasks 
containing 400 ml.of Fries minimal medium with or without 0.01 
per cent L-proline; they were harvested, lyophilized, and ex- 
tracted with cold 0.1 mM potassium phosphate buffer. The result- 
ing extracts were used for the specific activity determinations. 


Specific activity 
Period of incubation ’ Repression 
Growth | Growth 
without proline | with proline 
days | | % 
1.3 fo 27 
1.9 | 22.1 | 14.3 35 
3.0 | 13.0 | 6.7 48 
4.0 12.8 | 6.9 46 
5.0 13.1 ain 46 
6.0 16.8 13.3 21 
7.0 12.9 8 
9.0 19.0 | 17.4 


Pyrroline-5-carboxylate Reductase 


430 gm. added to 1 1. of aqueous solution. The fraction ob. | 
tained between 35 and 45 per cent of saturation was collected 
and dissolved in 0.1 M potassium phosphate at pH 7 (Fraction 
D). 

Second Ammonium Sulfate Fractionation—Fraction D was 
then fractionated with ammonium sulfate. The fraction be. 
tween 26 and 32 per cent of saturation was collected, dissolved 
in 0.1 M potassium phosphate at pH 7, and dialyzed against 
solution of 1 mM glutathione in the same buffer (Fraction EF), 
Glutathione served as a stabilizer of the enzyme. 

A summary of the purification procedure in a typical experi- 
ment is presented in Table I. Enzyme assays were performed 
after each enzyme preparation had been dialyzed against 0.1 y 
potassium phosphate (pH 7) containing | mm glutathione. 
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Properties of Enzyme and of Reaction | 


Pyridine Nucleotide Requirement—The reduction of PC de. 
pends on the presence of reduced pyridine nucleotide in the 
enzymatic reaction mixtures. Either TPNH or DPNH js ; 
required; the activity with TPNH is about 16 times that with 
DPNH under standard conditions. This ratio did not change 
appreciably when the enzyme was purified over 40-fold, or when 
Fraction C was 90 per cent inactivated through dialysis and 
storage in the absence of glutathione. Thus, it appears that a 
single enzyme is involved in the reactions with either of the 
pyridine nucleotides. No reduction of PC occurred when 
boiled enzyme was used. 

Reduction Product—The product of the enzymatic reduction 
of PC was found to be proline by paper chromatography, by 
bioautography with proline-requiring mutant strain 55-1 (6) of 
Escherichia coli, and by the characteristic yellow color obtained 
through reaction with ninhydrin. It was further shown that 
for each mole of either TPNH or DPNH oxidized (as determined 
spectrophotometrically), approximately 1 mole of L-proline (as 
determined by bioassay) was produced. 

Effect of Concentration of PC on Reaction—The effect of con- 
centration of PC on the reaction velocity was examined over a 
range of initial concentrations from 1 to 6 wmoles of this com- 
pound per 3 ml. under otherwise standard conditions. The 
concentrations of PC (on the basis of the L form) giving half- 
maximal velocity were calculated (9) to be K,, = 4.5 X 107 
for the reaction with TPNH and K,, = 5.3 X 10-4 m for the | 
reaction with DPNH. It should be pointed out that these 
values are based on PC concentrations determined by bioassay 
which gives only approximations (6). ) 

Effect of pH on Reaction—The optimal pH for the reaction was | 
found to be about 7.0 with TPNH and about 6.0 with DPNH, | 
as shown in Table II. 

Effect of Cultivation Conditions on Specific Enzyme Activity—_ 
Crude enzyme Preparations A were made from lyophilized | 
mycelia grown in minimal medium and harvested at various | 
stages of growth, and the specific activity of these preparations | 
was determined. It can be seen from Table III that the specif | 
activity is relatively high in the early growth phases and then 
declines rapidly. In early stationary phase (3rd to 5th day), the | 
specific activity reaches a minimum and subsequently increases 
to some extent. ) 

It is also apparent from Table III that the specific activity o! 
the reductase decreases markedly when mycelium is grown i / 


minimal medium supplemented with proline (100 wg. per ml.) 
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rather than in unsupplemented minimal medium. This de- 
erease of specific activity, apparently reflecting repression of 
enzyme formation (¢f. (10)), is seen to vary as a function of the 
age of the culture. The greatest repression, amounting to nearly 
50 per cent, was observed on the 3rd day of cultivation. 

Reductase Activity of Extracts of Proline-requiring Mutant—A 
previous study (1) has provided nutritional and other evidence 
that proline-requiring mutant strain 21863 may be blocked in 
the conversion of PC to proline. In agreement with expecta- 
tions, it was found that extracts of this strain had greatly 
diminished reductase activity. The level of reductase activity 
in one of the reisolates of this strain, 21863-6A, was about 0.2 
per cent of that of the wild type strain used. 

Crude extracts were prepared from the mutant mycelium in 
essentially the same way as described above for the wild type, 
except that the mutant was grown in the presence of proline 
(100 wg. per ml.) and the resulting mycelium was lyophilized, 
powdered, and then extracted by shaking in buffer. Assay of 
enzyme activity in mutant extracts was carried out either by 
determination of proline formed (using strain 55-1 of E. coli as 
assay organism) in the case of crude extracts, or by oxidation of 
TPNH in the case of partially purified extracts. 

In order to test for possible interactions between reductase 
preparations from the mutant and from the wild type strains, 
appropriate mixture experiments were performed. As shown in 
Table IV, the reductase activities from the two sources are 
additive. These experiments thus give no indication of the 
presence of any inhibitors in the mutant extracts or of any 
stimulators in the wild type extracts. 

Comparisons of some of the properties of the mutant reductase 
with those of the wild type enzyme have been made and the 
results of these studies will be the subject of another communica- 
tion. 


DISCUSSION 


The present study has substantiated the supposed roles of 
glutamic y-semialdehyde and PC as intermediates in proline 
formation in N. crassa. That pyrroline-5-carboxylate reductase 
actually has the expected biosynthetic function is indicated by 
the finding that a mutant strain, considered on nutritional 
grounds to be blocked in the last step of proline formation, 
showed sharply diminished reductase activity compared to that of 
the wild type. Moreover, genetic and enzymatic studies on 
“leakage” with several reisolates of this mutant led to the con- 
clusion that in N. crassa, at least under the conditions that 
prevailed, there probably is no major pathway leading to proline, 
except the one via the reduction of PC (11). Interestingly 
enough, an enzyme catalyzing the reduction of A!-pyrroline-2- 
carboxylic acid to form L-proline has recently been extracted 
from both wild type strain 74A and mutant strain 21863 of N. 
crassa (12). It was also found that A!-pyrroline-2-carboxylic 
acid could partially satisfy the proline requirement of strain 
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TABLE IV 


Mixture experiment with PC reductase from mutant 
and wild type strains 


The complete assay mixtures contained 100 umoles of potassium 
phosphate at pH 7, 9 umoles of PC, 1.5 umoles of TPNH, enzyme 
solution, and water to 1.2 ml. After incubation for 2 hours at 
25°, the reaction was stopped and the proline produced was deter- 
mined by bioassay with strain 55-1 of EF. coli. Control experi- 
ments in which PC was omitted were run for each assay. The 
enzyme preparations employed were the first ammonium sulfate 
fraction of reductase from mutant strain 21863-6A or from wild 
type strain 74A or a mixture of these two fractions. 


units mg pmoles 
Mutant... | 0.53 10.2 0.14 
Mutant J 1.05 20.4 0.23 
Mutant + wild... ... 0.53 + 0.60 10.2 + 0.005 0.26" 


* Value expected for additivity, 0.25 umole (by extrapolation) 


21863 (12). The existence of a minor or contributory pathway 
to proline is thus indicated. 

After a preliminary announcement (3) of the present findings, 
a similar enzyme was discovered in extracts of rat liver (13, 14), 
E. coli,? and Aerobacter aerogenes (12). It thus appears that the 
mode of proline formation demonstrated in N. crassa is not 
confined to this organism. It is noteworthy that the pyrroline- 
5-carboxylate reductases of N. crassa and E. coli are more active 
with TPNH than they are with DPNH, but the opposite is true 
for the corresponding enzyme from rat liver. 


SUMMARY 


Pyrroline-5-carboxylate reductase has been extracted from 
Neurospora crassa and partially purified by a procedure including 
treatment with protamine and fractionation with ammonium 
sulfate and ammonium phosphate. 

Under the conditions used, the substrate (A!-pyrroline-5- 
carboxylate) .concentration giving half-maximal velocity is 
approximately 4.5 x 10-4 m for the reaction with TPNH and 
5.3 < 10-4 m for the reaction with DPNH (on the basis of 
L-A!-pyrroline-5-carboxylate). The optimal pH is about 7.0 for 
the TPNH reaction and about 6.0 for the DPNH reaction. 

The specific activity of the enzyme was found to vary with the 
growth stage of the culture and was also found to be decreased by 
the addition of L-proline to the culture medium. 

Extracts of a proline-requiring mutant of N. crassa showed 
greatly diminished reductase activity (0.2 per cent of that of 
the wild type). 


Acknowledgment—The interest and helpful criticism of Dr. 
David M. Bonner is gratefully acknowledged. 
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An «Hydroxy-c-amino Acid Dehydrogenase of 
Neurospora crassa: Partial Purification 
and Some Properties* 


TAKASHI YURAT AND Henry J. 


From the Department of Microbiology, Yale University, New Haven, Connecticut 


(Received for publication, July 1, 1958) 


The extraction from Neurospora crassa of an w-hydroxy-a- 
amino acid dehydrogenase, which catalyzes the reversible con- 
version of pentahomoserine (a-amino-6-hydroxyvaleric acid) or 
hexahomoserine (a-amino-e-hydroxycaproic acid) to the re- 
spective w-semialdehydes, has been briefly reported (1). The 
reactions involved appear to be in accord with the following 
equation: 


NH, 
HOCH:;: CH: COOH + DPN* = 
(or TPN*) 
(1) 
NH, 


| 
OCH: COOH + DPNH + H* 
(or TPNH) 


where n = 2 or 3. 
The present paper describes a partial purification and char- 
acterization of this enzyme. 


EXPERIMENTAL AND RESULTS 


Materials 


Organisms—The organisms used were a wild type strain of 
N. crassa (St. Lawrence 74A) and mutant strain 21863-6A, which 
has been shown to have a greatly diminished level of pyrroline-5- 
carboxylate reductase (2). 

Compounds—Glutamic ‘y-semialdehyde was synthesized as 
previously described (3). Samples of L- and pL-pentahomoserine 
were generously supplied by Dr. L. Berlinguet. A sample of 
DL-pentahomoserine was also kindly furnished by Dr. E. E. 
Snell. .-Proline was a product of General Biochemicals, Inc., 
and pLt-homoserine, pL-serine, and pi-threonine also were com- 
mercial preparations. DPNH, TPN, and TPNH were obtained 
from the Sigma Chemical Company, and DPN from Pabst 
Laboratories. 


* This investigation was aided by a contract between the Office 
of Naval Research, Department of the Navy, and Yale University, 
po by the Atomic Energy Commission, Contract No. AT-(30-1)- 

t The data in this paper are taken from a dissertation presented 
by Takashi Yura to the faculty of the Graduate School of Yale 
University in partial fulfillment of the requirements for the degree 
of Doctor of Philosophy, June, 1957. 

_} Present address, Institute of Microbiology, Rutgers Univer- 
sity, New Brunswick, New Jersey. 


Assay of Enzyme Activity 


Standard Assay Conditions—The activity of the enzyme was 
assayed in terms of the reduction of glutamic y-semialdehyde 
through the measurement of the optical density decrease (at 
340 my) resulting from the oxidation of DPNH or TPNH. As- 
says were run at 25° in a Beckman spectrophotometer (light 
path, 1 cm.). The complete assay mixture contained 300 umoles 
of potassium phosphate at pH 6, 6 umoles of pi-glutamic y- 
semialdehyde (calculated as the open chain form), 0.6 umole of 
DPNH or TPNH, enzyme solution, and water to 3 ml. The 
reaction was usually started by the addition of enzyme, and op- 
tical density readings were taken at l-minute intervals. The re- 
action rate is expressed as initial decrease in optical density per 
minute. 

Unit and Specific Activity of Enzyme—One unit of enzyme is 
defined as the amount of dehydrogenase that will cause an initial 
optical density decrease of 0.001 per minute, with DPNH as 
nucleotide under standard conditions. The specific activity of a 
given dehydrogenase preparation is taken as units of the enzyme 
per mg. of protein in this preparation. 

Protein Determination—Protein was determined by the method 
of Lowry et al. (4). 


Partial Purification of Enzyme 


Crude Enzyme Extract—Since one purpose of the partial puri- 
fication of the dehydrogenase was to free the latter from pyrro- 
line-5-carboxylate reductase, the reductase-deficient mutant 
strain 21863-6A, rather than the wild type strain, was used as 
source of the dehydrogenase. Strain 21863-6A was cultivated 
(cf. (2)) at 30° on minimal medium supplemented with 1-proline 
(100 wg. per ml.). Mycelia were harvested, rinsed in distilled 
water, squeezed, lyophilized, and finally powdered in a mortar. 
The mycelial powder obtained was extracted with 20 times its 
weight of 0.1 mM potassium phosphate buffer (pH 7) at 5° on a 
reciprocating shaker for 2 hours. The resulting suspension was 
then centrifuged at about 80,000 x g for 1 hour, and the super- 
natant fluid was employed as crude extract. This centrifugation 
and all the subsequent steps were carried out at 0—5°. 

Protamine Treatment—Protamine sulfate, dissolved in 0.1 m 
phosphate buffer (pH 7) to give a 1.5 per cent solution, was 
added to crude extract (Preparation A) in the proportion of 
1 ml. of protamine solution per 100 mg. of protein in the extract. 
After standing for 15 minutes, the resulting mixture was clari- 
fied by centrifugation (Fraction B), and the sediment obtained 
was discarded. 
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TABLE 
Partial purification of dehydrogenase 
Enzyme fraction | Protein | Enzyme | Specie | Overall 
ml. meg. | units % 
A. Crude extract........ 180 | 2,000 :12,400* 6.2 100 
B. Protamine-treated... 195 1,250  10,600* 8.5 86 
C. First ammonium 
20 170 7,150 42 58 
D. Ammonium phos- | 
SS 6, 100 69 49 
Second ammonium 


* Corrected for the small amount of pvrroline-5-carboxylate 
reductase present in these preparations. 


TABLE II 
Enzymatic dehydrogenation of pentahomoserine 


| 
Initial increase 


Pyridine 
Modification of complete system* nucleotide | in O.D. per 

used minute 
Pentahomoserine omittedT........... | DPN 0.015 
Pentahomoserine omitted?............ TPN 0.005 


* The complete system contained 280 uwmoles of diethanolamine, 
30 umoles of pL-pentahomoserine, 3 umoles of DPN or TPN, en- 
zyme solution containing 20 wmoles of phosphate, and water to 3 
ml. The pH was 9.8. Assays were run at 25°. 

+ The pH of these mixtures was brought to 9.8 by adjustment 
of the diethanolamine concentration. 


First Ammonium Sulfate Fractionation—To Fraction B, pow- 
dered ammonium sulfate was added to 45 per cent of saturation. 
The saturating amount (at about 0°) of ammonium sulfate was 
taken as 720 gm. added to 1 |. of aqueous solution. The pre- 
cipitate obtained was removed by centrifugation and discarded. 
The resulting supernatant solution was brought to 55 per cent of 
saturation, and the precipitate formed was collected and dis- 
solved in 0.1 m phosphate at pH 7 (Fraction C). 

Ammonium Phosphate Fractionation—Fraction C was further 
fractionated by the addition of powdered dibasic ammonium 
phosphate. For this salt, the saturating amount was taken as 
430 gm. of the salt added to 1 |. of aqueous solution. The frac- 
tion obtained between 60 and SO per cent of saturation was col- 
lected and dissolved in 0.1 mM phosphate at pH 7 (Fraction D). 

Second Ammonium Sulfate Fractionation—Fraction D was 
then fractionated with ammonium sulfate. The fraction ob- 
tained between 45 and 53 per cent of saturation was collected, 
dissolved in 0.1 mM phosphate at pH 7, and dialyzed against the 
same buffer (Fraction E). 

A summary of the purification procedures in a typical experi- 
ment is presented in Table I. Enzyme assays were performed 
after each fraction had been dialyzed against 0.1 mM phosphate 
(pH 7). 
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Properties of Dehydrogenase and of Forward Reaction: 
Dehydrogenation of Pentahomoserine 


Pyridine Nucleotide Requirement—The dehydrogenation of 
pentahomoserine depends on the presence of pyridine nucleotide 
in the enzymatic reaction mixtures. As can be seen in Table 
II, either DPN or TPN is required, the activity with DPN being 
about 10 times that with TPN on the basis of initial reaction 
velocity under the test conditions. That a single enzyme is ip- 
volved in the dehydrogenations with either DPN or TPN is sug- 
gested by the finding that an enzyme preparation that had been 
about 90 per cent inactivated through heat treatment at 60° 
showed the same relative activity with the two nucleotides as 
did fresh preparations. 

Dehydrogenation Product—The product of the enzymatic de- 
hydrogenation of pentahomoserine was recognized as glutamic 
y-semialdehyde by the yellow color reaction given with o-amino- 
benzaldehyde (3) and by the growth response obtained with 
mutant strain 55-25 of Escherichia coli (3). 

Stoichiometry—For the assay of glutamic y-semialdehyde with 
the aid of FE. coli strain 55-25, glycine-sodium hydroxide buffer 
(pH 9.8, final concentration, 0.05 m) was substituted for the 
diethanolamine buffer which proved somewhat toxic for the as- 
say organism. It was thus found that for each mole of DPN re- 
duced, about 0.9 mole of L-glutamic y-semialdehyde was formed. 
This result is in harmony, within the accuracy of the method 
used, with the expected equimolar ratio of DPN to the semi- 
aldehyde. 

Substrate Specificity—The dehydrogenation of pentahomo- 
serine appears to be optically specific for the t-form, as indicated 
by a comparison of the activity of the L- and p1i-forms as sub- 
strates. 

It was further found that hexahomoserine, a higher homologue 
of pentahomoserine, was active as substrate for the dehydro- 
genase preparations. Evidence that the dehydrogenation product 
of hexahomoserine is the expected a-aminoadipic 6-semialdehyde 
was provided by the finding that this product gives an orange- 
yellow color with o-aminobenzaldehyde. This color probably is 
attributable to a dihydroquinazolinium compound (3, 5), derived 
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from the cyclic form of the 6-semialdehyde, A!-piperideine-6-car- — 


boxylic acid. Apparently, only the L-form of hexahomoserine is 
active, since no nucleotide reduction was observed in experi- 
ments with p-hexahomoserine. 

Hexahomoserine is dehydrogenated in the presence of either 
DPN or TPN at rates comparable to those observed with penta- 
homoserine and the respective nucleotides; for hexahomoserine, 
under the conditions used, the rate obtained with DPN is approx- 
imately 12 times that obtained with TPN. Heat inactivation 
experiments suggested that one and the same enzyme is involved 
in the dehydrogenation of hexahomoserine with either nucleo- 
tide, and furthermore, that this enzyme is the same as the one 
responsible for the dehydrogenation of pentahomoserine. 

The fresh and heat-treated dehydrogenase preparations (Frac- 
tion C) also catalyze the reduction of DPN or TPN in the pres- 
ence of a lower homologue of pentahomoserine, namely, 
homoserine. In this case, TPN is reduced considerably faster 
than is DPN with fresh preparations, whereas the reverse 1s 
true with heat-treated preparations. It is thus possible that 
the fresh preparations contain more than one enzyme capable of 
acting on homoserine. Serine and threonine were inactive as 


substrates for the dehydrogenase preparations. 
Effect of Concentration of Pentahomoserine or Hexahomoseriné | 
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on Reaction—The effect of concentration of penta- or hexahomo- 
serine on the reaction velocity was examined at a pH of 9.8. 
DPN was used as the pyridine nucleotide. The A, values 
calculated from Lineweaver-Burk plots (6) are 9.0 « 10-4 mM 
and 3.2 X 10-3 m for L-pentahomoserine and L-hexahomoserine, 
respectively. 

Effect of pH on Reaction—The effect of pH on the rate of de- 
hvdrogenation of penta- or hexahomoserine with DPN is shown 
in Table III. The optimal pH values are seen to be about 9.8 
and 9.4 for pentahomoserine and hexahomoserine, respectively. 


Properties of Dehydrogenase and of Reverse Reactwon: 
Reduction of Glutamic y-Semialdehyde 


Pyridine Nucleotide Requirement—The reduction of glutamic 
y-semialdehyde depends on the presence of reduced pyridine 
nucleotide in the reaction mixtures. As shown in Table IV, 
either DPNH or TPNH is active, the former nucleotide being 
about 18 times as active as the latter. This ratio did not change 
appreciably when an enzyme preparation that had been 90 per 
cent inactivated through heat treatment was used. Thus a single 
enzyme would appear to be involved in the reactions with either 
of the pyridine nucleotides. Heat inactivation experiments also 
suggested that this enzyme is the same as the one responsible for 
the dehydrogenation of penta- or hexahomoserine described 
above. 

Reduction Product—The product of the enzymatic reduction of 
glutamic y-semialdehyde was shown to be pentahomoserine by 
two-dimensional paper chromatography, by cochromatography, 
and by the chemical conversion of the product to proline. 
For chromatography, secondary butanol-formic acid-water 
(70:10:20, volume for volume) and _ phenol-water-ammonium 
hydroxide (80:20:0.3, volume for volume) were used in the first 
and second dimensions, respectively. Treatment of the devel- 
oped chromatogram with ninhydrin revealed a spot of Rr values 
0.19 and 0.56 in the first and second dimensions, respectively. 
Cochromatography of the reduction product with authentic 
pentahomoserine resulted in a single spot at the expected loca- 
tion on the chromatograms. Further evidence for the identity 
of the reduction product with pentahomoserine was provided by 
the demonstration that the reduction product, like pentahomo- 
serine, is chemically convertible to proline by the method of 
Plieninger (7). 

Stoichiometry—An approximate determination of pentahomo- 
serine was achieved by paper chromatography, elution, chemical 
conversion to proline (7), and bioassay of the latter with EF. coli 
mutant strain 55-1 (3). Since the chemical conversion to proline 
was not quantitative, an empirical correction factor was applied. 
It could thus be shown that for each mole of L-glutamic y-semi- 
aldehyde consumed (as determined by bioassay with F£. coli 
strain 55-25), 0.85 mole of L-pentahomoserine was formed. 
This is in agreement, within the accuracy of the method used, 
with the expected equimolar ratio of glutamic y-semialdehyde to 
pentahomoserine. It was also possible to show that for each 
mole of t-glutamic y-semialdehyde consumed, approximately 1 
mole of reduced pyridine nucleotide was oxidized, as determined 
spectrophotometrically. | 

Substrate Specificity—Acetaldehyde (at 70 mm) was found in- 
active as a substrate for the dehydrogenase under standard assay 
conditions. 

Effect of Concentration of Glutamic y-Semialdehyde on Reaction 
—The apparent K,, value calculated from Lineweaver-Burk 
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TaB_e III 
Effect of pH on dehydrogenation of penta- and hezahomoserine 


Relative reaction rate* 
pH 
Pentahomoserine Hexahomoserine 
8.6 86 
9.0 67 97 
9.4 90 100 
9.8 100 75 
10.2 78 40 


* The conditions employed were essentially similar to those 
given in Table II. DPN was used as the pyridine nucleotide. 
The pH of the reaction mixtures was varied by adjusting the con- 
centration of diethanolamine. The final pH was determined with 
a Beckman model G pH meter. 


TABLE IV 
Enzymatic reduction of glutamic y-semialdehyde 
Modification of complete system* Py 
Semialdehyde omitted.......... DPNH 0.005 
Enzyme boiled................. | DPNH 0.000 
| TPNH 0.010 
Semialdehyde omitted.......... TPHN 0.005 
Enzyme boiled.................. | TPNH 0.000 
Nucleotide omitted............. 0.000 


* See the text under ‘‘Standard Assay Conditions.”’ 


plots is 2.0 X 10-* om for L-glutamic y-semialdehyde. Substrate 
concentrations were calculated on the basis of the open chain 
form of the semialdehyde, and since most of the latter is present 
as the spontaneously cyclized form, 7.e. as A!-pyrroline-5-carbox- 
ylate, this figure represents an apparent K,, value. DPNH was 
used as the pyridine nucleotide in this determination. 

Effect of pH on Reaction—The optimal pH for the reaction is 
about 5.7 with DPNH as nucleotide. 


DISCUSSION 


Glutamic y-semialdehyde is known to exist in an open chain 
form which is in equilibrium with the cyclized A'-pyrroline-5- 
carboxylate (3). The w-hydroxy-a-amino acid dehydrogenase 
now characterized catalyzes the (reversible) reduction of the 
open chain form of the semialdehyde, whereas a different enzyme, 
pyrroline-5-carboxylate reductase (2, 8), catalyzes the reduction 
of the cyclized form. 

The activity of the w-hydroxy-a-amino acid dehydrogenase 
probably accounts for the growth-promoting activity of penta- 
homoserine for certain Neurospora mutants that respond alter- 
natively to proline or to ornithine (9). Presumably, pentahomo- 
serine is dehydrogenated to glutamic y-semialdehyde which in 
turn satisfies the requirement of these mutants for proline. 
While it is thought likely that the semialdehyde, but not penta- 
homoserine, is an actual biosynthetic intermediate, the possibility 
that the latter has some “normal” metabolic function is not ex- 
cluded. 

Evidence has been presented that hexahomoserine is dehydro- 
genated to a-aminoadipic 6-semialdehyde. Apparently, this 
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semialdehyde has not been prepared previously, although it had 
been considered by several authors as a possible intermediate in 
the biosynthesis of lysine in Neurospora (10-13). In this con- 
nection, it is relevant that hexahomoserine has been found to sup- 
port growth of certain lysine-requiring Neurospora mutants (14). 
Hence, the present evidence for an enzymatic conversion of 
hexahomoserine to a-aminoadipic 6-semialdehyde supports the 
view that this semialdehyde is an intermediate in lysine forma- 
tion. As in the case of pentahomoserine, it does not appear 
likely that hexahomoserine is a_ biosynthetic intermediate. 
Nevertheless, hexahomoserine may have some “normal” meta- 
bolic function. 

Interestingly enough, the proposed precursor function of 
a-aminoadipic 6-semialdehyde in lysine synthesis in Neurospora 
has its counterpart in ornithine synthesis (15, 16) in the same 
organism; the two homologous basic amino acids appear to be 
formed from homologous, open chain w-semialdehydes. 

In addition to penta- and hexahomoserine, their lower homo- 
logue, homoserine, also proved to be a substrate for Neurospora 
extracts in the presence of pyridine nucleotide. A comparison 
of fresh and heat-treated preparations indicated that the fresh 
preparations may contain more than one enzyme capable of act- 
ing on homoserine. Thus, the relationship of the w-hydroxy-a- 
amino acid dehydrogenase described herein to the homoserine 
dehydrogenase of yeast (17) is uncertain. That the dehydro- 
genase studied here is distinct from alcohol (ethanol) dehydro- 
genase is indicated by the finding that acetaldehyde did not 
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appear to be a substrate for the partially purified enzyme prep- 
arations. 
SUMMARY 


An w-hydroxy-a-amino acid dehydrogenase has been extracted 
from Neurospora crassa and partially purified by treatment with 
protamine and fractionation with ammonium sulfate and am- 
monium phosphate. Evidence has been presented that the 
dehydrogenase catalyzes the reversible, pyridine nucleotide- 
dependent conversion of pentahomoserine to glutamic ‘y-semial- 
dehyde and of hexahomoserine to a-aminoadipic 6-semialdehyde. 

Under the conditions used, the substrate concentrations giving 
half-maximal velocity are 9.0 x 10-4 m and 3.2 X 107° M for 
L-penta- and t-hexahomoserine, respectively, and 2.0 x 
(apparent value) for L-glutamic y-semialdehyde. The optimal 
pH values are about 9.8 and 9.4 for the dehydrogenation of 
penta- and hexahomoserine, respectively, and about 5.7 for the 
reduction of glutamic y-semialdehyde. 

The dehydrogenase probably accounts for the growth response 
of certain proline- or ornithine-requiring Neurospora mutants to 
pentahomoserine and of certain lysine-requiring ones to hexa- 
homoserine. Penta- and hexahomoserine are thus thought to 
function through their conversion to the respective w-semialde- 
hydes, glutamic y-semialdehyde and a-aminoadipic 6-semialde- 
hyde, which are considered to be actual biosynthetic inter- 
mediates. 


Acknowledgment—The helpful interest of Dr. David M. Bon- 
ner in this investigation is gratefully acknowledged. 
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Isolation of s-Aminoisobutyric Acid from Bulbs 
of Iris tingitana var. Wedgewood 
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(Received for publication, September 15, 1958) 


In the course of paper chromatographic analysis of the free 
amino acids in bulbs of Wedgewood iris (Iris tingttana) a ninhy- 
drin-reacting compound which occupied a spot corresponding to 
that of B-aminoisobutyric acid (Spot 11, Fig. 1) was observed. 
The compound was resistant to acid hydrolysis and did not 
form a copper complex, because it moved through a barrier of 
copper carbonate (1) on paper chromatograms. This indicated 
that it was not an a-amino acid. The Ry values in several 
solvent systems corresponded with those for authentic 6-amino- 
isobutyric acid. 

8-Aminoisobutyric acid was first synthesized by Clemo and 
Melrose (2) in 1942 as the ethy] ester and as the free acid by 
Pollack (3) in the following year. Subsequently, it was isolated 
from normal human urine by Crumpler et al. (4) and also in- 
dependently established by Fink e¢ al. (5) as a urinary con- 
stituent in man both normally and in patients with neoplastic 
disease. In a review of the nitrogenous compounds in plants, 
Steward et al. (6) had indicated that the occurrence of 6-amino- 
isobutyric acid in plants had not been established. The present 
report describes the isolation and identification of this substance 
from the bulbs of Wedgewood iris. 


EXPERIMENTAL 


45 kg. of Wedgewood iris bulbs! were extracted by grinding 
the bulbs with 80 per cent ethanol in a “King-size’’ blendor and 
emulsifier. The ethanol extract was filtered through Hyflo 
Super-Cel and stored at —5° for 3 days. The free amino acids 
in the supernatant solution, approximately 50 1., were con- 
centrated and freed of salts by passage through Dowex 50-X8 
(50 to 100 mesh) resin in the hydrogen form. The amino acids 
were displaced from the resin with 7.5 N ammonium hydroxide, 
and the ammonium hydroxide was removed from the effluent in 
a vacuum at 30°. The final volume of the ammonium hydroxide- 
free effluent was reduced to 500 ml. Total amino nitrogen was 
determined by reaction with ninhydrin (7) after removal of 
ammonia by treatment with alkaline buffer (8) and found to 
be 8.90 gm., or approximately 0.02 per cent of the fresh weight 


*Crops Research Division, Agricultural Research Service, 
United States Department of Agriculture, Beltsville, Maryland. 

} United States Plant, Soil and Nutrition Laboratory, Ithaca, 
New York. 

t National Institute of Arthritis and Metabolic re a Na- 
tional Institutes of Health, Bethesda. Maryland. 

1 We wish to thank the Northwest Bulb Growers Association for 
the supply of Wedgewood iris bulbs. 
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of the iris bulbs. By visual comparison of chromatograms the 
total concentration of 6-aminoisobutyric acid was estimated to 
be 600 to 700 mg., or approximately 1 per cent of the total non- 
protein amino nitrogen. 

Two-dimensional descending chromatograms of the desalted 
extract of Wedgewood iris bulbs were prepared (9, 10). 

The amino acid solution was put through a 7.5 x 50-cm. 
column of Dowex 1-X4 (200 to 400 mesh) resin in the chloride 
form to remove the acidic amino acids which interfere with 
displacement chromatography on Dowex 50 resin. The basic 
and neutral amino acids were washed through the column with 
deionized water and were absorbed on a 5.8 X 95-cm. column of 
the acid form of Dowex 50-X4 (200 to 400 mesh) resin. The 
amino acids were eluted from the resin with 0.1 N ammonium 
hydroxide and 20-ml. fractions collected (11). The amino acids 
in the fractions were detected by two-dimensional paper chroma- 
tography (12). Fractions were numbered from the time the 
first amino acid appeared in the effluent. @-Aminoisobutyric 
acid was found in Fractions 140 to 180 and was contaminated 
mainly with y-aminobutyric acid, 8-alanine, leucine, isoleucine, 
and the aromatic amino acids. Fractions 140 to 180 were 
concentrated by distillation in a vacuum and were added to the 
top of a 5.8 x 200-cm. column of Dowex 1-X4 (200 to 400 mesh) 
resin in the chloride form. This column was packed in ap- 
proximately 7-cm. bands by pouring a suitable volume of a 
suspension of the resin into a 25-cm. column of water and 
allowing the resin to settle completely before pouring the next 
portion. The amino acids were washed through the resin column 
with deionized water,? and 15-ml. fractions were collected. 
Fractions 190 to 240 contained 8-aminoisobutyric acid and ~- 
alanine. Fractions 190 to 200 contained a small amount of 
y-amino butyric acid, and the a@-amino acids contaminated 
Fractions 217 to 240. Fractions 217 to 240 were concentrated 
by distillation in a vacuum, and the amino acids were again 
fractionated on the same Dowex 1 column. The results were 
similar to the first fractionation on Dowex 1 except that the 
fractions containing both §-aminoisobutyric acid and a-amino 
acids had a smaller proportion of the former substance. Frac- 
tions 190 to 216 from the first run and the corresponding frac- 
tions from the second run were evaporated to dryness. The 
dry material was dissolved in 25 ml. of a mixture of n-butyl 
aleohol:methyl alcohol: water (2:2:1, volume for volume) and 
was placed on a paper roll (13) which had been previously 


? J. F. Thompson and C. J. Morris, unpublished data. 
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t-AMYL ALCOHOL — 2,4-LUTIDINE — WATER 


B-Aminotisobutyric Acid 


t-BUTYL ALCOHOL — FORMIC ACID —WATER 


Fic. 1. Two-dimensional descending paper chromatogram of the free amino acids in Wedgewood iris bulbs developed with 0.25 
per cent ninhydrin in acetone: (1) leucine, (2) phenylalanine, (3) isoleucine, (4) tyrosine, (5) methionine, (6) valine, (7) ethanol- 


amine, (8) proline, (9) threonine, (10) alanine, (11) B-aminoisobutyric acid, 


(12) histidine, (13) serine, (14) glveine, (15) B-ala- 


nine, (16) y-aminobutyric acid, (17) glutamine, (18) unknown, (19) asparagine, (20) arginine, (21) aspartic acid, (22) glutamic 


acid, (23) a-amino adipic acid, (24) lysine. 


TABLE I 


Rr values of authentic 8-aminoisobutyric acid and ninhydrin- 
reactive substance from Wedgewood iris bulbs 


{ 


| Rr values 
| 
| 
Solvent composition 
| substance from Wedge- 
wood iris 


tert-Butyl alecohol:formic acid: water | 
(70:15:15, volume for volume)........ | .63 .63 
tert-Amy] alcohol:2,4-lutidine (1:1, vol- | 


ume for volume saturated with water) | .10 .10 
n-Butyl alcohol:methyl alcohol: water | 

(2:2:1, volume for volume)........... | 52 .52 

n-Butyl alouhol: acetic acid: water (6:1: 2, | 

volume for Wotume)................... .46 .46 
Phenol: water (73:27, weight for weight) . | .82 81 
Ethyl alcohol: water (70:30, volume for | 


equilibrated with this solvent. 


The amino acids were washed 
through the paper roll with the n-buty] alcohol: methyl] alcohol: 
water solvent, and the effluent was collected in 15-ml. fractions. 
The y-aminobutyric acid, B-aminoisobutyric acid, and 6-alanine 


were eluted in that order in separate bands. Fractions 270 to 
330 containing @-aminoisobutyric acid were evaporated to 
dryness, dissolved in water, and decolorized by boiling the 
solution with activated charcoal. The solution was filtered and 
evaporated to dryness in a vacuum. The last traces of water 
were removed by the addition of absolute ethanol and evapora- 
tion to dryness. The residue was dissolved in hot absolute 
ethanol and colorless crystals separated on cooling. After a 
second crystallization, 72 mg. of dry crystals were obtained. 


RESULTS 


The isolated compound from Wedgewood iris bulbs was found 
to be indistinguishable from authentic B-aminoisobutyric acid 
when cochromatographed on paper in several solvents (Table J). 
Elemental analysis showed that it contained 46.7 per cent C, 
8.85 per cent H, and 13.3 per cent N, whereas the theoretical 
values for CsHyO.N are 46.6 per cent C, 8.80 per cent H, and 
13.6 per cent N. The isolated compound melted at 183° (un- 
corrected) and gave an optical rotation of [a]? —21° (C = 0.48 
per cent in water). 

Since none of the natural B-amino acid isomer was available, 
30 mg. of the isolated crystals were racemized by heating them 
at 100° for 5 hours in 5 N sodium hydroxide (4). The sodium 
hydroxide was removed by passing the solution through a column 


— 
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Wave Length in Microns 
Fic. 2. Infrared spectra of authentic B-aminoisobutyric acid (A), and the ninhydrin-reactive substance from Wedgewood iris bulbs 


(B). 


of IRC-50 resin. After drying and crystallization from absolute 
ethanol, the crystals were compared with authentic 6-amino- 
isobutyrie acid in an infrared spectrophotometer (Fig. 2). The 
melting point of both the synthetic and the racemized isolated 
substance was 179° (uncorrected). 


DISCUSSION 


Part of the purification procedure used for the isolation of 
8-aminoisobutyric acid involved the separation of the B-amino 
acids on a column of Dowex 1 in the salt form.? This procedure 
was derived from the ion exclusion technique of Wheaton and 
Bauman (14) and by the use of it a-, 8-, and y-amino acids could 
be separated from one another. 

The use of butanol (5) for crystallization caused breakdown, 
possibly by deamination to methacrylic acid. Absolute ethanol 
Was a suitable solvent for crystallization and apparently caused 
no breakdown. Traces of HCl can prevent crystallization (5). 

The melting point of the isolated material agrees well with 
that reported by Crumpler et al. (4). The optical rotation is in 
the same direction but somewhat higher (—21° as compared 


These were prepared with KBr discs containing approximately 2 mg. of the respective compounds. 


with —13°),° although the value obtained may be in error be- 
cause of the low concentration of the solution. 

The infrared spectra (Fig. 2) for authentic B-aminoisobutyric 
acid and the racemized isolated material show the same absorp- 
tion bands. The relative intensities are not all identical probably 
because of differences in the amounts of material actually present 
in the KBr disks. 

The cumulative evidence of paper and column chromatog- 
raphy, elemental analysis, melting point, and infrared absorption 
spectra indicate that the compound isolated from the bulbs of 
Wedgewood iris is identical with G-aminoiosbutyrie acid. 


SUMMARY 


B-Aminoisobutyric acid has been isolated from the bulbs of 
Wedgewood iris in pure form by a series of fractionations on 
ion exchange resins and on a paper roll. Its identity was estab- 
lished by chromatographic behavior, elemental analysis, melting 
point, and infrared absorption spectra. 


3 Personal communication from R. G. Westall. 
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The Metabolism of y-Aminobutyric Acid-4-C* by Intact Rats* 
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The initial step in the catabolism of y-aminobutyric acid is 
a transamination with a-ketoglutarate (1, 2). Although the 
mechanism is not clearly understood, a coupled oxidation ap- 
parently permits the carbon chain of this acid to enter the Krebs’ 
tricarboxylic acid cycle as succinate (2). The isotope-trapping 
data presented by Roberts et al. (3) are in accord with this 
hypothesis, although the validity of this method for assessing 
metabolic pathways is open to some question (4). 

We have obtained y-aminobutyric acid-4-C™ as a by-product 
in the preparation of p-glutamic acid-2-C“%, This compound has 
been given to male rats and the labeling patterns in glutamic 
acid, aspartic acid, alanine, and liver glycogen determined. The 
results support the concept that y-aminobutyric acid is metab- 
olized via succinate in vivo. 


EXPERIMENTAL 


Preparation of y-Aminobutryic acid- 
2-C'4 was decarboxylated by a suspension of lyophilized cells of 
Clostridium welchii prepared as described by Meister et al. (5). 
This decarboxylation is specific for L-glutamic acid. Therefore, 
the products are p-glutamic acid and y-aminobutyric acid. In 
one run, 25.6 mg. of p1-glutamic acid-2-C™ (0.4 mc. per mmole), 
obtained from Volk Radiochemical Company, were dissolved in 
1.93 ml. of 0.02 m acetate buffer, pH 4.9, and the solution was 
incubated for 4 hours at 37° with 5.8 ml. of enzyme preparation. 
This preparation was of lyophilized C. welchii (5) in 0.02 m ace- 
tate buffer, the concentration of cells being 13.3 mg. per ml. 

The cells were removed by centrifugation and washed twice 
with 8 ml. of water. The supernatant solution and washings 
were passed over an Amberlite IR-120 column in the free acid 
form (0.6 * 7 cm., 80 to 100 mesh). The column was washed 
with about 10 ml. of water and y-aminobutyric acid and ammo- 
nium p-glutamate were eluted with approximately 40 ml. of 
0.3 ~ NH,OH. The eluate was concentrated to dryness, dis- 
solved in about 15 ml. of water, and passed over an Amberlite 
IR-45 column in the acetate form (1 x 11 cm., 80 to 100 mesh). 
The column was then washed with 30 ml. of water and the elu- 
ate and washings were collected and concentrated to dryness. 

Paper chromatography of the residue, with 1 N NH,OH in 78 
per cent ethanol, gave a single ninhydrin spot with an Rp value 
identical to that of known y-aminobutyric acid. All of the 


* Supported in part by a research grant (No. RG-4735) from the 

National Institutes of Health, United States Public Health Serv- 
ice. 
+ United States Public Health Service Research Fellow of the 
National Institute of Neurological Diseases and Blindness, Na- 
tional Institutes of Health. Present address, The Rockefeller 
Institute, New York 21, New York. 

t Inquiries regarding this article should be addressed to this 
author. 
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radioactivity on the chromatogram was shown by the paper 
strip scanning technique to be located in an area identical with 
the ninhydrin spot. The y-aminobutyric acid was contaminated 
with some ammonium acetate formed during passage over the 
Amberlite IR-45 column. This was not removed before admin- 
istration to rats. An aliquot was diluted with carrier y-amino- 
butyric acid, crystallized, and oxidized to succinic acid with 
alkaline permanganate. 

All of the radioactivity of the succinic acid was liberated by a 
Schmidt reaction (6). Since the initial pi-glutamic acid was 
known to be labeled in carbon 2, the finding of all of the radio- 
activity of succinic acid in the carboxyl positions substantiates 
the position of labeling. The yield of y-aminobutyric acid-4-C™ 
as calculated from C™ recovery was approximately 85 per cent. 

Animal Experiments—Two male rats (of Wistar origin) from 
our own colony were each given a single intraperitoneal injection 
of y-aminobutyric acid-4-C" in 1 to 2 ml. of water. During the 
4-hour period between injection and death, the animals were 
placed in a glass metabolism chamber which was swept with a 
slow stream of air. Expired CO: was collected in 1 Nn NaOH. 
Data concerning the amounts administered, the rats used, and 
the expired CO, recovered are presented in Table I. 

The animals were killed by a blow on the head, and ‘‘carcass”’ 
and liver protein powders were prepared (7). ‘‘Carcass’’ refers 
to the entire animal, except liver, including the washed gastro- 
intestinal tract. Liver protein was diluted 10-fold with carrier 
rat liver protein. Amino acids were isolated from the protein 
hydrolysates by an adaptation (8) of the ion exchange chroma- 
tographic method of Partridge and Brimley (9). 

Glutamic acid was degraded by the method of Mosbach et al. 
(10) as modified by Koeppe and Hill (7). When carbon 1 of 
glutamic acid was found to contain virtually all of the radioac- 
tivity, the degradation was discontinued at the propionate stage, 
and the latter, representing carbons 2, 3, and 4, was oxidized to 
CO, directly. Alanine and aspartic acid were decarboxylated 
with ninhydrin (11). 

Liver glycogen was isolated and degraded as previously de- 
scribed (12, 13) except that formaldehyde, representing carbon 6, 
was isolated as the dinitrophenylhydrazone. 

Carbon analyses and C" assays involved manometric measure- 
ment of carbon dioxide and determination of radioactivity with 
a vibrating reed electrometer (7). 


RESULTS AND DISCUSSION 


As shown in Table I, carbon 4 of y-aminobutyric acid is 
rapidly oxidized to carbon dioxide. This rate of oxidation sug- 
gests metabolism via the carboxyl group of an intermediate of 
the Krebs’ tricarboxylic acid cycle. 

The labeling patterns in the isolated amino acids and liver 
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glycogen are presented in Table II. Essentially all of the activity 
is located in the carboxy! positions of alanine and aspartic acid, 
in carbons 3 and 4 of liver glycogen, and in carbon | of glutamic 
acid. The fact that almost no C™ is found in the noncarboxy! 
portion of the amino acids and carbons 1, 2, and 6 of liver glyco- 
gen proves that carbon 4 of y-aminobutyriec acid is metabolized 
via the carboxyl position of an intermediate of the Krebs’ tri- 
carboxylic acid cycle or the Embden-Meyerhof scheme of 
glycolysis. Metabolism via the nonearboxyl portion of these 
intermediates always labels the noncarboxy] positions of the 


TABLE I 


Data concerning weight of animals used, amounts of y-aminobutyric 
acid-4-C' administered, and excreted 


| 
|_y-Aminobutyric| Total wc. excreted as COs after 
Animal Weight acid-4-C'4 

O.5 hr. 1.0 hr. 2.0 hrs. 4.0 hrs. 

gm. | 
Rat No. 65........ 130 | 8 | 32 | 7.2{| 15.1 | 21.6 | 22.5 
150 3 21 | 6.3 | 11.1 18.8) 15.1 


Metabolism of y-Aminobutyric Acid-4-C™ 


Vol. 234, No. 2 


amino acids isolated (14) and carbons 1, 2, 5, and 6 of liver 
glycogen (15, 16). 

The lack of radioactivity in carbon 5 of glutamate eliminates 
the carboxyl of acetate as a possible intermediate in the metabo- 


TABLE III 
Corrected specific activities* of carbon 1 of carcass glutamic acid 
after administration of NaHC'4O;, alanine-1-C', glycine-1-C4, 
sodium acetate-1-C'4 and y-aminobutuyric acid-4-C'4 


Rat No. | Corrected specific 


Compound administered activity* 
myuc./mmole 
9,11, 12, 18f | NaHCO; 16.3 to 18.6 
(range) 
1, 3, 4f Alanine-1-C'4 25.0 to 29.3 
(range) 
6, 8T Glycine-1-C'4 27.6 + 26.1 (re- 
spectively ) 
5, 7f Sodium acetate-1-C!4 87.6 + 113 (re. 
spectively) 
65, 77 y-Aminobutyrie acid-4-C!4 67.5 + 74.5 (re 
spectively) 


*+-Aminobutyrie acid-4-C!4 was prepared from two different 
samples of pL-glutamic acid-2-C'*. One sample had a specific 
activity of approximately 0.4 me. per mmole (Rat 65) and the 
other had a specific activity of approximately 0.7 me. per mmole 
(Rat 77). 


* Corrected specific activity is caleulated by multiplying the 
specific activity (myc. per mmole) times the rat weight in grams 
and dividing by the microcuries of CO. exhaled (7). 

+t Data taken from a table in a previous publication (7). 

t Calculated from data in a previous publication (7). 


TaBLeE II 
C\4 distribution in carcass and liver amino acids and in liver glycogen of rats after administration of y-aminobutyric acid-4-C' 


| | 
| | 


Compound isolated 


Animal Distribution 7 
Glutamic acid Aspartic acid Alanine Glycogen 
myc./mmole © of total myuc./mmole % of total = mpc./mmole| % of total | myc./mmole | % of total 
Rat No. 65 _ Carcass | 
| Total 12.7 11.5 14.0 
Carbon 1} 11.7 92.1 | 95.0 
Carbon 5 0.4 3.1 
~ Carbons 1 + 4 11.4 99.1 | 
' Carbons 2 + 3 + 4 0.8 6.3 | 
Liver* | 
Total 70.2 100.2 | 30.8 44.1 
Carbon 1 69.6 99.1 | 93.2 
Carbon 5 0.2 0.3 | 
Carbon 6 | 0.6 1.4 
_ Carbons 1 + 2 | 0.4 0.9 
 Carbons 1 + 4 | 98 .7 98.5 | 
Rat No. 77 Carcass | 
Total 7.3 5.8 
Carbon 1 92.6 5.6 96 .6 
Carbon 5 3.7 
Carbons 1 + 4 er 98 .6 
Carbons 2 + 3 + 4 0.4 4.9 
| Liver* 
Total 50.8 75.5 15.7 
Carbon 1 50.9 100.2 13.9 88.5 
Carbon 5 | 
Carbon 6 | 
Carbons 1 + 2 | | 
Carbons 1 + 4 75.1 99.5 | 


* The specific activities of liver amino acids and glycogen were appropriately corrected for dilution with carrier. 
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lism of carbon 4 of y-aminobutyric acid (7, 17-19). Therefore, 
catabolism proceeds through the carboxyl position(s) of either 
pyruvate (glycolytic trioses) or the dicarboxylic acids. 

Although the data presented do not completely distinguish 
between these two possibilities, consideration of the ‘corrected 
specific activites” (7) of carbon 1 of the carcass glutamates is of 
interest. In Table III ‘corrected’ data obtained with y-aniino- 
butyric acid-4-C™ are compared with those previously reported 
(7) for bicarbonate-C™, alanine-1-C', glycine-1-C™, and acetate- 
1-C™. 

Conversion of labeled carbon atoms to carbon 1 of carcass 
glutamate exclusively via bicarbonate should yield “corrected 
specific activities” closely approximating the range of 16 to 19 
obtained with bicarbonate-C" (7). ‘‘Corrected” values in excess 
of this bicarbonate-C™ range indicate partial conversion of a 
labeled atom to carbon | of carcass glutamate by a pathway more 
direct than via bicarbonate. Thus, the greater the ‘corrected 
specific activity,” the smaller the proportion incorporated via 
bicarbonate. 

Since the carboxyl groups of the dicarboxylic acids may be 
converted to carbon | of glutamate without carbon dioxide fixa- 
tion and the carboxyl of pyruvate cannot, metabolism by way 
of dicarboxylic carboxyl groups might give a higher ‘corrected 
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specific activity” than metabolism via pyruvate carboxyl. By 
similar reasoning, acetate-1-C™ is expected to yield “corrected” 
values greater than those of pyruvate-1-C™, or its precursors, 
alanine-1-C™ and glycine-1-C™. 

Inspection of Table III shows that acetate-1-C™ does give 
higher “corrected” values than alanine-1-C™ and glycine-1-C™. 
The fact that y-aminobutyric acid-4-C" also yields much greater 
“corrected specific activities” than do these pyruvate precursors 
suggests that carbon 4 of this acid is catabolized via the carboxy] 
positions of the dicarboxylic acids. This conclusion is in com- 
plete accord with the proposed succinate route (1, 2) of y-amino- 
butyric acid metabolism. 


SUMMARY 


y-Aminobutyric acid-4-C™ has been prepared and administered 
to male rats. The labeling patterns observed in isolated tissue 
glutamate, aspartate, alanine, and glycogen indicate that the 
succinate pathway (1, 2) can account for all the catabolism of 
y-aminobutyric acid in vivo. 


Acknowledgments—The authors wish to acknowledge the tech- 
nical assistance of Floyd T. Carey and Norman Rochman. 
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It has been known for many years that administered iodide 
appears in the milk of lactating animals. The early work on this 
subject was reviewed in 1937 by Elmer (1). Since that time, 
ample confirmation that the mammary gland secretes iodine has 
been obtained through experiments with radioactive iodide in 
man (2-5) and a variety of animals (6-14). In rabbits (6, 8, 9) 
and goats (6), it has been shown that as much as half of an 
administered dose of I) can be recovered in the milk produced. 
The mammary secretion of I! proceeds so readily that thyroidal 
accumulation of administered I"! in lactating animals (8, 12, 13) 
has been found to be drastically reduced. 

The iodine in milk, as studied by labeling with I, has been 
reported to be mostly in the form of inorganic iodide in the case 
of man (3, 5), goats (6), rabbits (6, 8), and mice (13). In the 
dog, however, 30 to 60 per cent of the I! in milk was found in 
protein-bound form (7, 14). In a preliminary note (12), we 
showed that as much as 86 per cent of the I present in rat 
milk collected 24 hours after an I'*!-iodide injection was protein- 
bound. A value of 40 per cent was reported recently by Brown- 
Grant and Galton (15) for milk taken from rats 3 to 4 hours after 
I’! administration. Chromatographic analysis of an enzymatic 
hydrolysate of the milk revealed that the major I'*!-component 
in the protein was monoiodotyrosine. A small amount of [!- 
diiodotyrosine was also present, but no I%-thyroxine was 
detected at various intervals up to 24 hours after the I'* injec- 
tions. 

The present report deals with the following aspects of iodine 
metabolism in the rat mammary gland: (a) the transport of 
administered inorganic iodine into milk, and the form in which 
this iodine appears; (6) the effects of thyroidectomy and of 
thyroid inhibitors on the transport and organic binding of 
radioiodide by the mammary gland; and (c) the appearance of 
injected ['!-thyroxine and [*!-triiodothyronine in milk. 


EXPERIMENTAL 


Treatment of Animals—The animals used were 17 to 19 day 
post-partum, lactating rats of the Long-Evans strain, reared on 
“Diablo Labration.” This diet contains about 2 ug. of iodine 
per gm. In order to deplete their mammary glands of stored 
milk, the lactating rats were kept with their litters until the 
start of each experiment. At that time, they were separated 
from their litters and were either given approximately 500 ue. of 


* Aided by a grant from the United States Public Health 
Service. 


I'3! by intraperitoneal injection, or treated as indicated below, 
At intervals thereafter, the animals were anesthetized with 
Nembutal, and droplets of milk were expressed manually from 
the nipples and collected in centrifuge tubes with the aid of a 
small aspirator. Immediately thereafter, blood samples were 
withdrawn by cardiac puncture. Milk and blood samples were 
collected in tubes containing 20 ul. of a 1 per cent solution of 
thiouracil which served to prevent organic binding of iodide 
during the subsequent treatment. 

Milk samples were centrifuged at 3000 r.p.m. for 10 minutes 
and chilled in an ice bath to solidify the cream. The skim milk 
was withdrawn for analyses. Blood samples were similarly 
treated to separate plasma. As in the work of Honour et al. (3) 
and of Brown-Grant (8, 9), M:P (milk:plasma) ratios 
( total I'" per ml. of milk 

total ['' per ml. of plasma 
tion on the transfer of circulating plasma I"*! into milk. 

Values for the total 1! uptake by the mammary gland (in- 
cluding its contained milk) were determined at the end of each 
experiment. The entire mass of mammary tissue was excised 
as completely as possible, and weighed. Then 4 to 8 representa- 
tive portions of approximately 100 mg. each were removed and 
homogenized in an all glass tissue grinder with 3 ml. of Krebs- 
Ringer bicarbonate buffer, and an aliquot of the resulting homog- 
enate was taken for I'*! assay. 

Chromatographic Analyses of Milk and Plasma—20 ul. of 
skim milk and 40 ul. of plasma were delivered directly onto filter 
paper strips for chromatography in collidine-water-ammonia 
(16). Another portion of skim milk (0.5 ml.) was incubated 
with 10 mg. of pancreatin for 24 hours, and 20 ul. of the hy- 
drolysate were chromatographed as described above. 

Radioautographs were prepared from the filter paper chroma- 
tograms, and those areas of the chromatograms corresponding to 
the darkened areas on the radioautograph were cut out and 
assayed for I", 

I'\ Determinations—These were carried out with a well type of 
scintillation detector (NaI-TI). 

Thyroxine and Triiodothyronine—These com- 
pounds, obtained in 50 per cent propylene glycol solution from 
the Abbott Laboratories, were used for injections within 3 days 
after preparation. The labeled thyroxine (11 and 37 me. of 
13! per mg.) was found, by our chromatographic analyses, to 
contain 93 per cent thyroxine and 5 per cent inorganic iodide. 
The labeled triiodothyronine (37 me. of I! per mg.) showed 86 
per cent triiodothyronine and 7 per cent iodide. 
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RESULTS 

Kxcretion of Injected lodide into Milk—The results obtained 
with the first four rats (Table 1) show that, at 24 hours after a 
single injection of carrier-free ['*!, from 15 to 49 per cent of the 
injected radioactivity was recovered in the mammary gland 
plus its contained and expressed milk. At all intervals, the 
concentrations of total ['*' in skim milk were many times higher 
than those in plasma (M:P ratios, Table 1). 

At 24 hours the I! present in the thyroid glands did not 
exceed 2 per cent in the lactating rats. In similar experiments 
with nonlactating rats the recovery of I! in the thyroid glands 
was 6 to 8 per cent. This finding reflects the predominance, in 
utilization of circulating iodide, of the lactating mammary gland 
over the much smaller thyroid. Similar conclusions were reached 
by Rugh (13), with mice, and by Brown-Grant (8), with rabbits. 

The addition of 100 wg. of carrier iodide to the injected [}}*! 
did not significantly alter the extent of mammary utilization of 
the administered radioactivity, nor the M:P ratios attained 
(Table I). 


Nature of I" in Rat Milk—Results of chromatographic 


analyses of the skim milk obtained from 1I'-injected rats are 
shown in Table II. As reported earlier (12), a large part of the 
13! in the milk is bound to protein, and hence remains at the 
origin of the chromatograms. After treatment with pancreatic 
proteases, most of this protein-I! was hydrolyzed, and the ['*! 
was recovered as ['*!-monoiodotyrosine along with small amounts 
of 1"-diiodotyrosine. We failed to find the thyroxine-like 
components reported by Brown-Grant and Galton (15) on 
chromatograms of rat and rabbit milk hydrolysates; these com- 
ponents may have been iodotyrosine-containing peptides. 

lodide Transport in Mammary Tissue—Although values for 
the M:P ratio (column 7, Table 1) suggest that the mammary 
gland actively secretes iodide into milk, certain limitations in 
the interpretation of such data should be considered. (a) 
Unless the concentrations of organically bound I"! in plasma 
and milk are negligibly low, this M:P ratio does not accurately 
reflect. iodide-concentration gradients as does the T:S— ratio 


thyroid [''-iodide cone. 
(mee used in thyroidal iodide trap studies. 


serum ['8!-jodide cone. 

(b) Beeause the iodide in milk stored in the mammary gland 
may not be in direct equilibrium with plasma iodide, it is pos- 
sible that the milk I'*' levels observed 6 hours or more after I! 
injection reflect largely the higher plasma iodide levels prevailing 
during the earlier intervals after the injection. The experiments 
described in this section were designed to overcome these limita- 
tions and to reveal further the mechanism of iodide secretion in 
milk. 

In order to establish values for the ratio of milk iodide-I"™' to 
plasma iodide-I"' it was necessary either to block organic 
binding of 1! by administration of propylthiouracil or to deter- 
mine iodide-I' concentrations in milk and plasma by chromato- 
graphic analysis. In Table II], chromatographically determined 
milk iodide I! to plasma iodide I"! ratios are shown for three 
normal lactating rats (9-11). The values for this ratio, deter- 
mined at 6 hours after the I" injection, were definitely lower 
than the corresponding values for the M:P ratio; nevertheless, 
they show that the iodide-I'! concentrations in milk were 6 or 7 
times higher than those of blood plasma. Rats 14 to 16 (Table 
Ill) were treated with propylthiouracil, which blocked formation 
of protein-bound I® in milk (column 4) and in the thyroid 
gland (column 7). In these animals, the milk iodide ['*' to 


TABLE I 


Utilization of intraperitoneally injected I'*\ by mammary and 
thyroid glands of lactating rats 


Injected [8 recovered in | | 
| Uptake of 
injected after | | Total | po | in 
| Plasma 2# hours 
| | milk | 
per ml. | per ml. | : | jected dose 
1 | Carrier-free | 24 | 1.04 0.031) 25 | 34 | 1.5 
6 1.10 0.095 
2 | Carrier-free 24 | 1.50 0.042 21 36 1.3 
6 | 1.06 0.060 18 
3 | Carrier-free | 24 0.0640.014 49 46 1.1 
3. 0.77 0.141 5.5 
4 | Carrier-free | 24 | 0.50 (0.014 15 . | 36 2.1 
6 | 1.33 0.089 15 
5 | +100 ug. 27) 24 | 0.71 0.021 14 34 1.0 
6 | 0.36 0.034 11 
6 | +100 ug. 24 | 0.14 0.00387 34 38 (0.6 
6 | 0.40 0.022— 
7 | +100ug. 24 | 0.23 0.0088) 17 | 28 0.8 


* Thyroid glands weighed 14 to 18 mg. 


TaBLe II 
Distribution of I in skim milk obtained from lactating rats 24 
hours after intraperitoneal injections of I'* 


Per cent of I's! on chromatogram of 


Unhydrolyzed 
13! injected | Hydrolyzed skim milk 
| %In- | Diiodo- | Monoiodo-|  In- 
Origin organic | Origin | tyrosine | tyrosine organic 


8 | Carrier-free | 69 | 31 (10.1) 5.0 | 52.8 | 31.2 


9 | Carrier-free | 65 | 35 | 6.2) 64 | 46.5 | 41.3 
10 | Carrier-free | 69 | 31 6.0) 6.4 46.5 41.8 
11 | Carrier-free | 86 14 7.3 6.7 68.0 
5 | +100 ug. | | 6S 66.6 1 
4+100ug. 127) 82 18 | 20.5 
7 | +100ug. | 86 | 14 | 8.8) 7.3 | 65.5 | 17.8 


plasma iodide [*' ratios attained higher values and, because 
of the depression of the protein-bound I'*' levels in the milk, 
became equal to the corresponding values for the M:P ratio. 

In another experiment (Fig. 1), lactating rats were first given, 
by intraperitoneal injection, 50 mg. of propylthiouracil and 30 
minutes later, carrier-free I'*'-iodide. Peak plasma I'*' levels 
were established by assaying blood samples taken from the tail 
vein at 10, 15, 20, and 25 minutes after the injection of ['*'. 
Then, at 3 hours after the I! injection, milk and plasma samples 
were taken and assayed for I". As shown in Fig. 1, the ['*! 
concentration in the skim milk was 10 times greater than the 
highest concentration of I'' found in the plasma during this 
interval. These results indicate that, even if the I" of stored 
milk is not in instantaneous equilibrium with the plasma I", 
the I in the milk produced immediately after the I! injection 
must have been secreted against a plasma-to-milk iodide con- 
centration gradient. 

Thioeyanate ion has been shown in studies in vivo (17) and 
in vitro (18) to inhibit both iodide concentration and organic 
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Tasie III 


Effects of thyroid inhibitors on utilization of I by mammary and 
thyroid glands of lactating rats 


6 hours after I'™ injection 24 hours after ['8\ injection 


Injected recovered in 
Rat Protein- 


Inhibitor 
M:P | Nedide/ | Total mammary | 
ratio of total | Plasma 
on « hroma- expressed and Phyroid 
contained milk 
9 None 12.6 42.0 24.3 1.5 
10) None 11.2 44.6 6.3 19.6 
11 None 16.7 60.7 6.6 45.6 Ee 
14 Propylthi- 21.8 2.5 21.3 31.3 (0.16 
ouracil* | 
15 Propylthi- 28.4 2.8 27.6 35.4 
ouracil*® | 
16, Propylthi- 22.8 2.5 22.2 31.6 Q.12 
ouracil* 
KSCNT 0.97 7.8 0.90 0.26 60.15 
IS) KSCNt 0.55 10.2 0.50 0.07 
19 KSCNT 0.65; 11.2 0.29 
20° S.7 76.8 0.2 1.2 0.013 
KCIO,t 8.9) 96.7 0.3 3.4 0.008 
22) 69.8 0.4 0.027 


* 50 mg. of propylthiouracil injected intraperitoneally 30 min- 
utes before ['3-injection, and 25 mg. injected 4 hours after ['!- 
injection, 

+ 50 mg. of KSCN injected intraperitoneally 
['3!_injection, and 25 mg. injected 4 hours after I'*'-injeetion. 

t 25 mg. of KCIO, injected intraperitoneally 30 minutes before 
I'S!-injeetion, and 12.5 mg. injected 4 hours after ['!-injeetion. 


30 minutes before 
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Fig. 1. Comparison of milk I! concentration with peak plasma 
I's!) concentration propyithiouracil-treated lactating rats. 
The [P! concentrations shown here represent the average values 
for three rats. 


binding in thyroid tissue. The results obtained with rats 17 to 
19 (Table IIT) indicate that KSCN also inhibits organic binding 
(column 4), iodide concentration (column 5), and todide uptake 
(column 6) by the mammary gland of the lactating rat. 
Perchlorate ion is the most powerful inhibitor used in the 
study of the thyroidal iodide trap (19). As shown in Table ITT, 
it reduced the values for the milk iodide [*' to plasma iodide ['*! 
ratio to values below 1 (column 5). 


Thyroxine, and Triiodothyronine 


Since it did not seem to 
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SF 

Ts 

I 

Plasma Skimmilk 


Fig. 2. Radioautographs of chromatograms of plasma and skim 
milk from a lactating rat 6 hours after an intraperitoneal injee- 
tion of 25 we. (215 we.) of T8!-]-thyvroxine. Solvent, collidine- 
water-NH;. ©, origin; Ty, thyroxine; I, inorganic iodide; SF, 
solvent front. The numbers on the right of each radioautograph 
show the percentages of the total ['' present in each component 
of the chromatogram. 


inhibit the formation of organic 1" (column 4), the corresponding 
M:P ratios still achieved values of 7.3 to 8.9. 

Appearance of Injected P'-Thyroxine and 1™'-Triiodothyronine 
in Milk—Our failure to detect labeled thyroxine in the milk or 
mammary tissue of [injected lactating rats raised the question 
of whether thyroxine can be transported from the circulating 
plasma to milk. Therefore to eight lactating rats 1 to 25 yg. of 
l-thyroxine labeled with 34 to 213 ue. of I" were administered 
by intraperitoneal injection. Samples of milk and plasma 
obtained 6 and 24 hours later were examined chromatographi- 
cally. Pypical radioautographs prepared from these chromato- 
grams are shown in Fig. 2.) Whereas SO to 96 per cent of the I"! 
in plasma was in the form of thyroxine, only 29 to 65 per cent of 
the milk-I™! was found in the thyroxine component. The 
remainder of the milk-I*! was present as inorganic iodide, re- 
leased presumably as a contaminant or decomposition product 
of the thyroxine, along with varying amounts of iodoprotein 
formed from the inorganic iodide. 

The concentrations of I™-thyroxine in milk were one-tenth 
to one-quarter of those found in plasma (Table IV). The up- 
takes of the injected thyroxine-I™ by the mammary glands, 
determined at 24 hours after injection, ranged from 0.5 to 5 per 
cent of the injected dose.  lodide-I' uptakes determined 
similarly were many times higher (cf. Tables | and II}. Thus, 
it would appear that there is no mechanism for actively trans- 
porting thyroxine from plasma into milk as there is for iodide. 

Similar experiments were carried out with I"'-labeled triiodo- 
thyronine. As shown in Table V and Fig. 3, the proportion of 
injected triiodothyronine that appeared in the milk and mam- 
mary glands was quite comparable with that observed when 
I8-thyroxine was injected. Unlike thyroxine, however, values 
calculated for the ratios of milk I"'-triiodothyronine to plasma 
['!-tri odothvronine were considerably above 1. Although these 
values do indicate that the concentration of triiodothyronine in 
milk can be greater than in plasma, it cannot be concluded that 
there is a mechanism for active secretion of triiodothyronine 
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TABLE IV 


Recovery of injected I™-thyrocine in skim milk of rats 


6 hours after injection 


24 hours after injection 


Per cent of injected I'' recovered per ml. of 


| Per cent of injected P* recovered per ml. of 
| Milk Plasma | Plasma 
| Total Ty | ‘Total | | i Total | Ts | 
| ug. | | | 
0.14 0.04 0.33 0.30 0.13 (0.26 0.14 | 0.23 0.19 0.74 
2 0.27 0.10 0.79 0.74 0.14 0.56 0.27 | 0.58 0.48 0.56 
ee 2 0.07 0.03 0.24 0.21 | 0.14 0.12 0.05 0.11 0.10 0.50 
0.17 0.08 0.84 0.80 0.10 0.37 0.13 0.40 0.36 0.36 
0.13 0.07 O44 0.1 0.20 0.88 0.25 | 0.23 0.38 
| 0.21 0.13 O.SI 0.77 | 0.17 0.36 0.12 0.36 0.: 0.34 
| | | | 
7 25 | 0.22 0.12 | 0.70 0.68 O.1S 0.32 0.13 | 0.31 0.27 0.48 
8 0.22 0.15 0.65 0.62 0.24 0.38 0.16 0.31 ().29 0.55 
* 7, = thyroxine. 
TABLE V 
Recovery of injected I™'-triiodothyronine in skim milk of rats 
| 6 hours after injection | 24 hours after injection 
| Per cent of injected I'*' recovered per ml. of | Per cent of injected I" recovered per ml. of 
| Total | Ts Total | Ta Total Ts Total | = Ts 
me | | 
0.09 0.07 0.012 7.5 0.20 0.023 0.03 0.0025 9.2 
2 «0.06 0.15 0.02 0.003 5.0 0.14 0.005 0.02 0.0018 2.8 
| | | | 
3 2 0.02 0.02 0.003 6.7 | | | 
4 | 0.22 0.12 0.05 | 0.021 | 5.7 | 0.21 0.020 0.02 0.6019 © 11.0 
5 0.07 0.03 0.03 0.013 2.5 (0.530.045 0.06 0.0086 5.2 
6 O.11 0.064 3.6 | 0.18 | 0.013 | 0.63 0.0039 3.3 


*T; = triiodothyronine. 


into milk. It is possible that this finding is the result of the 
rapid disappearance rate of plasma triiodothyronine, and the 
fact that alveolar milk is not in direct equilibrium with the 
plasma. 


DISCUSSION 


The present and reported observations dealing with the 
elimination of administered ['!-iodide in the milk of lactating 
animals are tabulated in Table VI. It may be concluded from 
these tabulations that milk constitutes a major avenue for the 
elimination of iodine in the lactating animal. This diversion 
of circulating iodide into milk is reflected in a decreased re- 
covery of injected I! in the thyroid (8, 12, 13) and may explain 
in part the increased incidence of goiter in women during lactation 
(20). 

The utilization of iodide by mammary tissue may be divided 
into two distinct processes: (a) active secretion of inorganic 
iodide into milk; and (6) a variable degree of incorporation of 


this iodide into iodinated protein. The experiments described 
here dealing with the effects of propylthiouracil, thiocyanate, 
and perchlorate on the mammary utilization of I! show that 
it is the first of the two processes that determines the extent to 
which radioiodide is taken up by the mammary gland and 
secreted into milk. Thus, when only organic binding was 
blocked with propylthiouracil, the iodide secretion process 
was adequate to maintain high total uptakes by the mammary 
gland and to elevate the M:P ratios considerably. When only 
iodide secretion was blocked by KCIO,, or when both iodide 
secretion and organic binding were blocked by KSCN, the M:P 
ratios and total uptakes were greatly reduced. 

Our finding that 42 to 86 per cent of the I in the milk of 
radioiodide-injected rats is protein-bound differs somewhat from 
the observations reported on other animal species. For example, 
Rugh (13) reported that a small amount of the I! in mouse milk 
was protein-bound, although no mention is made of how this 
conclusion was reached. Brown-Grant (8) reported less than 
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Fic. 3. Radioautographs of chromatograms of plasma and skim 
milk from a lactating rat 6 hours after an intraperitoneal injection 
of S pg. (3800 we.) of Solvent, butanol- 
ethanol-2 nN NH,OH. ©, origin; I, inorganic iodide; T;, triiodo- 
thyvronine; SF, solvent front. The numbers on the right of each 
radioautograph show the percentages of the total [*! present 
in each component of the chromatogram. 


TaBLe VI 
Elimination of administered I'*'-1odide 
in milk of lactating animals 


Acministered recovered in | 
milk and or mammary gland | 


24 hours 48 hours 
65 to 78 31 to 89 | Rugh (13) 
6 to 23 Wright (6) 
15 to 49 
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5 per cent trichloroacetic acid-precipitable I" in rabbit milk, 
and Wright et al. (6) could detect no iodine compounds other 
than iodide in goat’s milk analyzed by paper chromatography, 
Finally, Miller and Weetch (5) found that the milk of a thyro- 
toxic woman contained less than 1.7 per cent zine hydroxide- 
precipitable I! at 10, 19, and 47 hours after ['*" injection, and 
Honour et al. (3) found that all of the I™' in the milk of two 
patients was dialyzable up to 19 hours after injection. Thus 
it seems that, of the six species studied, the milk has been shown 
to contain iodinated protein only in the rat and the dog (7, 12), 
Brown-Grant and Galton (15) were unable to detect thyroxine- 
It in the milk of a rabbit up to 6 hours after an intravenous 
injection of labeled thyroxine. Hoskins et al. (21) concluded 
that, in their rats, maternal thyroxine was not secreted into 
milk in physiologically effective form since thyroxine adminis- 
tered to lactating rats together with propylthiouracil prevented 
goiter formation in the mother, but not in the suckling young. 
Our own findings with labeled thyroxine show that injected 
thyroxine does pass into the milk but not by any active secretory 
process and perhaps not in physiologically effective amounts. 


SUMMARY 


1. The mammary gland of the lactating rat is a major pathway 
for the elimination of iodine. As much as 50 per cent of circulat- 
ing iodide may be recovered in total mammary tissue plus milk 
in 24 hours. 

2. At 6 hours after the injection of [!, as much as 61 per cent, 
and at 24 hours as much as 86 per cent of the I! in rat milk 
was protein-bound. From 46 to 68 per cent of the I! in milk 
was present as protein-bound monoiodotyrosine. small 
amount of protein-bound, I*!-labeled diiodotyrosine was also 
found in rat milk. No other labeled compounds were detected. 

3. The actions of propylthiouracil, thiocyanate, and_ per- 
chlorate on the iodide trap in the rat mammary gland and on the 
organic binding of the ['' in the milk expressed from I'*!-injected 
rats are discussed. 

4. Injected [thyroxine and were shown 
to appear in the milk, but only in very small amounts. 
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Reversible Inactivation of Trypsin by Anhydrous Formic Acid 
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The inactivation of lysozyme and ribonuclease by anhydrous 
formic acid has been shown by Josefsson and Edman (1, 2) to 
be reversed by adjustment of an aqueous solution of the inacti- 
vated enzyme to pH 6.0 to 8.5. Reactivation was accompanied 
by an uptake of base, approximately equivalent to the number 
of serine and threonine residues in the proteins. With both 
proteins an increase in the positive electrophoretic mobility 
was observed, and it was postulated that the action of anhydrous 
formic acid was to bring about an N- to O-acyl migration at 
the hydroxyamino acid residues of the proteins. Such a migra- 
tion should result in the generation of primary amine groups 
equivalent to the number of residues of serine and threonine 
involved in the shift. In the case of lysozyme there was an 
increase in amino nitrogen content as measured by the Van 
Slyke method, but the yields were poor and no dinitropheny]l- 
serine could be detected after reaction at pH 5.0 with fluoro- 
dinitrobenzene. In the case of ribonuclease, attempts to demon- 
strate an increase in the amino nitrogen content of the protein 
failed completely. Other observations (3) included an increase 
in the sedimentation coefficient and viscosity of ribonuclease 
but no change in the optical rotatory properties of the enzyme. 

Because of the high content of serine and threonine in trypsin 
(40 and 11 residues, respectively (4)), it was of considerable 
interest to extend the investigation of the action of anhydrous 
formic acid to this enzyme. As with lysozyme and ribonuclease, 
trypsin was inactivated and could be regenerated by incubation 
at alkaline pH, and the reactivation was accompanied by an 
uptake of base. However, the physical and chemical properties 
of the inactivated enzyme do not support the hypothesis of an 
N- to O-acy] shift produced by formic acid. 


EXPERIMENTAL 


Materials and Methods—Trypsin was prepared from tryp- 
sinogen by the rapid activation procedure of Pechére and Neurath 
(5). Trypsinogen (Lot No. TG 522) was a product, crystallized 
once, and containing 50 per cent MgSO,, prepared by the Worth- 
ington Biochemical Corporation, Freehold, New Jersey. The 
protein was dissolved in 0.01 m HCl, dialyzed extensively in the 
cold against 0.001 m HCl, pH 3.0, and lyophilized. After 
activation to trypsin, the activation mixture was dialyzed 
against 0.001 m HCl and lyophilized. 

Anhydrous formic acid was prepared by drying the Baker and 
Adamson (98 to 100 per cent) product over boric anhydride 
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for at least 24 hours, followed by distillation at reduced pressure 
(1, 6). 

Urea was a reagent grade product and was used without 
further purification for the electrophoresis experiments. For 
all other experiments, it was recrystallized once from 30 per 
cent ethanol. 

Tryptic activities were determined by the esterase method, 
with BAE! as substrate (7). The reagents were combined to 
give a final concentration of 0.001 m Tris buffer, 0.05 m CaCla, 
0.1 m KCl, and 0.01 m BAE. The assays were carried out 
at pH 8.0 and 25 + 0.2° with a Jacobsen-Léonis autotitrator 
(8), manufactured by Ole Dich, Instrument Maker, Copen- 
hagen, Denmark, in conjunction with a titrator type TTT-1 
from the Radiometer Corporation, Copenhagen, Denmark. 
The assembly was used with a temperature-controlled reaction 
vessel designed for small volumes (9). 

Protein and protein nitrogen concentrations were calculated 
by measuring the absorption at 280 my in a Hilger Uvispek 
spectrophotometer. An extinction coefficient, 1%, = 14.4, 
and a nitrogen content of 15 per cent were used for trypsin 
(10). The same values were assumed for formic acid-inactivated 
trypsin. For the calculation of molar concentrations, the 
molecular weight of trypsin was taken as 23,800 (11). 

pH measurements in the presence of urea were recorded as 
measured with the glass electrode and a Cambridge model R 
pH meter. 

Moving boundary electrophoresis was carried out in the 
Spinco model H electrophoresis apparatus. 

Optical rotation was measured at room temperature in 10 ml.- 
cells with the standard Keston model D polarimeter attachment 
for the Beckman model DU spectrophotometer. The instru- 
ment was calibrated with sucrose solutions of known concentra- 
tion. 


RESULTS 


Inactwation of Trypsin with Formic Acid and Reactivation at 
pH 8—lIn preliminary experiments trypsin was dissolved in 
anhydrous formic acid and kept in a closed vessel at 25° for 
15 to 18 hours. The dry powder, after removal of the formic 
acid by lyophilization, was insoluble in aqueous solutions from 
pH 1 to 12, in 0.5 per cent sodium dodecyl sulfate, and in 66 
per cent dimethylformamide. It was soluble, however, in 4 to 
6 m guanidine hydrochloride and in 7 to 8 m urea solutions. 
Since trypsin is reversibly inactivated by concentrated urea 
solutions (12), the following procedure was adopted for a study 
of the time dependence of the inactivation reaction. 

1The abbreviations used are: BAE, benzoylarginine ethyl 


ester; DNP, dinitrophenyl; FDB, fluorodinitrobenzene; Tris, tris- 
(hydroxymethyl)aminomethane. 
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Fig. 1. Inactivation of trypsin in anhydrous formic acid 
(O——O) and reactivation at pH 8 (x——X). 


200 mg. of trypsin were dissolved in 20 ml of freshly distilled 
anhydrous formic acid and kept at 25° in a closed vessel for 17 
hours. At suitable intervals 1-ml. samples were pipetted into 
10-ml. Erlenmeyer flasks, immediately frozen, and the formic 
acid was removed by lyophilization. Each sample of dry 
protein was dissolved in 1 ml. of 8 M urea previously adjusted 
to pH 3.0 with HCl. Of this solution, 0.200 ml. was diluted 
25-fold with 8 m urea, pH 3.0, and 25- or 50-1. aliquots of the 
diluted sample were taken for assay with the use of 2.5 ml. of 
BAE substrate. The remainder of each sample was diluted with 
4 ml. of 8 M urea in 0.1 m Tris buffer, pH 8.45, whereupon the 
pH of this solution dropped to 8.1. The samples were stored 
at 7° for 24 hours to permit complete reactivation when the pH 
had dropped to 7.95. For assay of esterase activity 25-yl. 
samples were taken. 

Inactivation of the enzyme was complete in 14 to 17 hours as 
shown in Fig. 1, and full activity? was restored by subsequent 
incubation at pH 8. 

Correlation of Enzymic Activity with Base Consumption during 
Reactiwation—Josefsson and Edman (1, 2) have shown that the 
rate of restoration of enzyme activity of lysozyme and ribonu- 
clease was closely related to the rate of consumption of alkali. 
It was of interest, therefore, to follow the alkali consumption 
of formic acid-treated trypsin during reactivation. This was 
done in the following manner, at pH 8.00 and pH 9.00. 

15 mg. of trypsin, treated for 14 hours with formic acid, were 
dissolved in 6 ml. of 8 mM urea, previously adjusted to pH 8.0 or 
9.0 with 0.1 Nn NaOH. 5 mi. of this solution were pipetted into 
the reaction chamber of the autotitrator and the pH readjusted 
to pH 8.0 or 9.0 with 0.1 nN NaOH. The temperature was 
maintained at 25°, and the consumption of base required to 
maintain the pH at these values was recorded automatically. 
For assay purposes 100 ul. samples of the reaction mixture were 
diluted with 2 ml. of 8 mM urea, pH 3.00, and stored at 7° until 
assayed. The results plotted in Fig. 2 indicate an initially 
rapid uptake of base followed by a slow, continuous base con- 
sumption which reached a constant rate after several hours. 


* When 25- or 50-yl. aliquots of trypsin dissolved in 8 M urea 
were assayed in 2.5 ml. of BAE substrate solutions, the activity 
was only 80 per cent of similar aliquots of trypsin dissolved in 
0.001 mM HCl. However, the activity did not decrease over many 
hours of storage at 7°. The activities indicated in Fig. 1 are ex- 
pressed as the percentage activity of aliquots of trypsin dis- 
solved in 8 M urea. 
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It is possible that the slow reaction was caused by the uptake of 
atmospheric carbon dioxide, even though every attempt was 
made to minimize this effect by protecting the solution by a 
layer of paraffin oil or by flushing with nitrogen gas. For 
calculation of the base consumed during reversal of the inactiva- 
tion process, the reaction was allowed to continue until the base 
consumption had reached a constant rate and an extrapolation 
to zero time could be made, as indicated in Fig. 2. | 

Both at pH 8.0 and 9.0, the rate of restoration of enzymic 
activity was faster than the rate of alkali consumption, and the 
reaction reached completion earlier. Thus at pH 8.0 trypsin oy 
was fully reactivated in less than 4 hours, whereas the base 
consumption did not reach a constant rate until 10 hours had 
elapsed. Similarly, at pH 9.0, the corresponding time intervals’ 
were 1 hour and 4 hours. It seems safe to conclude that the 
activity of trypsin is not dependent on all of the chemical 
groups affected by the formic acid treatment. Thus at pH 8 
full activity was restored when only 25 of the 32 groups had 
been restored to their original state, as calculated from the 
alkali consumption, whereas at pH 9.0, the corresponding values 
were 27 out of 34. 

“Tmmediate”’ and ‘‘Time-dependent” U ptake of Base at Different 
pH Values from 7.0 to 11.0—If the action of anhydrous formic 
acid is to produce an N- to O-acy] shift, there should be a libera- 
tion of serine and threonine amino groups equivalent to the 
number of peptide bonds involved in the acy] shift. Depending 
on the pK of the amino groups, a certain proportion of them 
would be titrated by adjusting the solution with alkali to: 
particular pH (‘“‘immediate”’ base consumption). The remaining 
groups would release their hydrogen ions only upon reversal 
of the acy] shift (‘“time-dependent” alkali consumption). 8 
measuring the “immediate” and “time-dependent” alkali 
consumption at a series of pH values, the pK of the amino group 
could be determined. For this purpose the following procedur 


was adopted at pH 7.0, 8.0, 9.0, 10.0, and 11.0, respectively. ; 


Trypsin, 15 mg., previously treated for 17 hours with anhydrou 
formic acid, was dissolved in 6 ml. of 8 M urea adjusted to th 
pH at which the experiment was to be done. There was # 
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immediate drop of pH to between 4.5 and 4.9. Five ml. of this 
solution were pipetted into the reaction chamber of the autoti- 
trator and immediately titrated to the required pH with 0.1 N 
NaOH. This procedure took only 0.6 minute at pH 7.0, but 
at pH 10.0 and 11.0 it required 3.9 and 5.7 minutes, respectively. 
The amount of base so consumed has been designated as the 
The reactivation mixture 
was maintained at the required pH by the automatic addition 
of 0.1 N NaOH. ‘The contents of the reaction chamber were 
covered with paraffin oil, and the reaction was allowed to continue 
until the base consumption had reached a constant rate. The 
temperature of the reaction mixture was maintained at 25° 
throughout. ‘The results were plotted and the ‘“‘time-dependent”’ 
alkali consumption was computed by extrapolation to zero 
time, as shown in Fig. 2. 

The results of these experiments are shown in Table I. The 
“time-dependent” alkali consumption is, within experimental 
error, 2 constant value at pH 7.0, 8.0, and 9.0; the value shows 
a small decrease at pH 10.0 and a large decrease at pH 11.0. 
The “immediate”? base consumption, on the other hand, shows 
a large increase between pH 10.0 and 11.0. These data are 
consistent with a pK of about 10.5 for the postulated amino 
However, at pH 11.0 the “time-dependent” alkali 
consumption is very rapid and is complete in less than 20 minutes. 
Undoubtedly, much of the true “time-dependent” alkali con- 
sumption is included in the “immediate” alkali consumption, 
since 5.7 minutes were required for adjustment of the pH to 11.0. 
A pK of 10.5 for these groups is therefore a minimal value. It 


should be noted that these data are also consistent with any 


base-catalyzed reaction involving the release of a hydrogen 
ion e.g. hydrolysis of an ester bond. 

Ninhydrin Color Yield during Inactivation—The ninhydrin 
color yield of trypsin during inactivation with formic acid was 
measured in the following manner. 15 mg. of trypsin were 


dissolved in 3 ml. of anhydrous formic acid at zero time and 


incubated in a water bath at 25°. At suitable intervals duplicate 
100-ul. samples were pipetted into calibrated tubes and imme- 
diately lyophilized. After storage at 7° overnight, the samples 
were analyzed by the ninhydrin method, with the modified 
reagent described by Dixon et al. (13). The results in Table II 
show that there was no change in ninhydrin color yield during 
14 hours of inactivation. 

N-Terminal Group Analysis—An attempt was made to demon- 
strate the presence of extra serine amino groups in formic acid- 
treated trypsin by means of reaction with FDB. Elliott (14) 


has shown that the dinitrophenylation reaction can be carried 
" out at pH 5.0 and has used this reaction as one means of dem- 


onstrating the N- to O-acyl shift of silk fibroin occurring under 
the influence of concentrated sulfuric acid. However, Josefsson 
and Edman (1) were unable to demonstrate by this method 
serine amino groups in lysozyme treated with formic acid. 

Since the reaction with FDB proceeds more readily at alkaline 
pH, the reaction with formic acid-treated trypsin was carried 
out at pH 7.0 for 2 hours at 25°. It was calculated from previous 
experiments that during this time reactivation would have 
proceeded to only 14 per cent completion. Guanidine hydro- 


| chloride (6M) was chosen as the solvent for the insoluble 
' inactivated trypsin because of the success achieved by Phillips 
(15) with this reagent for disaggregation in his studies on the 


N-terminal groups of histones. As a control, a sample of native 


trypsin was carried through the entire end group analysis. 
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TABLE [| 


‘‘Immediate’’ and ‘‘time dependent’’ base consumption during 
reactivation of inactivated trypsin at several pH values 


Moles of base per mole of trypsin 


Time to titrate to | 


pH 

| ‘Immediate’ d Total 

min | | 

7.0 0.6 31.2 | 28.5" 59.7* 
8.0 2.4 32.9 33.0 65.9 
9.0 3.0 43.0 30.4 78.4 
10.0 3.9 46.9 28.8 75.7 
11.0 5.7 78.5 6.3 84.8 


| | 

* The base consumption at pH 7.0 had not reached a constant 
rate even after 48 hours and, as a result, this value is probably 
low. 


TaBLe II 


Ninhydrin color yield of trypsin during 
tmnactivation with formic acid 


Time of inactivation Absorbancy at 570 mu* 


min. 


2 0.405 
110 0.380 
2835 0.395 
457 0.406 
857 0.397 


* Average of duplicate samples. 


Details of the procedure are as follows. 2 umoles of trypsin 
or inactivated trypsin in 3 ml. of 6 m guanidine hydrochloride 
(pH 7.0) were treated with 0.1 ml. of pure FDB in the auto- 
titrator at pH 7.0 and 25° for 2 hours, when the reaction was 
terminated by lowering the pH to 3.0. The solution was trans- 
ferred to a 50-ml. centrifuge tube and diluted to 20 ml. with 
0.001 m HCl and extracted once with ether. The yellow pre- 
cipitate was washed repeatedly with 0.001 m HCl, followed by 
acetone and ether, and finally dried, first under a stream of 
air and then in a vacuum over P.O;. Approximately 0.3 umole 
of dried DNP-protein was suspended in 0.2 ml. of 5.7 n HC! 
in a small test tube, and after evacuation and sealing, heated 
for 16 hours at 105° (butyl phthalate bath). The ether phases 
of the hydrolysates were examined by one-dimensional paper 
chromatography with tert-amyl alcohol-pH 6.0 phthalate buffer 
according to Blackburn and Lowther (16). The DNP-amino 
acid spots were cut out, eluted, and their yield was estimated 
as described by Fraenkel-Conrat et al. (17). The results, un- 
corrected for losses during hydrolysis and chromatography, are 
presented in Table III. It is evident that the FDB reaction 
at pH 7.0 had proceeded to a satisfactory extent with both 
proteins, as judged by the vield of DNP-isoleucine. It is also 
evident that no significant difference was found between trypsin 
and inactivated trypsin. 

Electrophoresis of Trypsin and Inactivated Trypsin in 8 
Urea at pH 5.1—Josefsson and Edman (1, 2) have shown both 
with lysozyme and ribonuclease that an increase of electro- 
phoretic mobility occurs upon inactivation with formic acid. 
Because of the insoluble nature of the inactivated trypsin, it 
was necessary to carry out the electrophoresis in 8 m urea. 
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TaBLe III measurements were made under different conditions, the results . 
Yields of DNP-amino acids from reaction of FDB with trypsin are in agreement with those of Josefsson (3), who found no 
and inactivated trypsin differences in the optical rotatory properties of native and for- — ¢ 
mic acid-inactivated ribonuclease. 
| moles/meole protein moles/mole DISCUSSION 
DNP-serine. . 0.02 0.03 The hypothesis of an N- to O-peptidyl shift in the inactiva- in 
DNP-isoleucine............. eae 0.950 0.61 tion of enzymes by anhydrous formic acid is not substantiated by 
| the results of this investigation. Attempts to demonstrate the | 
presence of additional amino groups by the ninhydrin method | 
| or by reaction with FDB gave negative results. The titration a 


data indicate that if these groups exist they cannot have a pK ___ in 


value of less than 10.5, which seems unlikely for a primary cc 
amino group. The electrophoretic experiments have failed to 
show a charge increase, and there was no change in the optical 


rotatory properties upon inactivation. 1 
The participation of the hydroxyamino acids in the inactivation 
by formic acid is indicated by the fact that with all three en- 
zymes the amount of hydrogen ion liberated is of the same order 
of magnitude as the number of serine and threonine residues 
in the proteins. The difficulties encountered in demonstrating 
the presence of free amino groups in inactivated lysozyme and 

a: ribonuclease have been attributed to the nonavailability, for 3 
steric reasons, of these groups in the O-peptidyl molecules 


CO 


Fig. 3. Ascending electrophoresis patterns of (1) 0.7 per cent | 
(2) 0.7 @) of 0.5 (1, 2). It is difficult, in the case of trypsin, to conceive of any 
per cent trypsin and 0.5 per cent inactivated trypsin; after 1123 | mechanism by which over 30 of these groups could be completely ss 
minutes in 8 M urea, acetate buffer, pH 5.1, ionic strength 0.1, masked. An alternative explanation could be that the reaction Dr 
voltage gradient 1.28 volts per cm. at 4 ma. had proceeded only to a hydroxyoxazolidine structure, the “an 

: intermediate considered by Elliott as the most probable in the an 
IV N- to O-acyl shift (14). 
Electrophoretic mobilities of trypsin and inactivated trypsin ch: 
in 8 wm urea, acetate buffer, pH 6.1 CH.—CH— CH.—CH— CH,—CH— 
| cm.? volt") K 105 | | 
+3.5 +2.9 R HO R R 
Inactivated trypsin............ +3.6 +3.0 
Trypsin plus inactivated trypsin +3.7 +3.7 The nitrogen of this structure would be expected to possess 


strong basic properties and this would be consistent with a pK 
value of not less than 10.5, as indicated by the results of this 
This was successfully achieved by running the experiment at investigation. However, such a structure would increase the 
20° and at a low current to avoid the development of convection positive charge on the protein in solutions of pH less than 10.5, 
anomalies usually experienced under such conditions. resulting in an increase in the electrophoretic mobility of the 
The patterns of the ascending boundaries of trypsin, of in- inactivated enzyme. This is consistent with the findings with 
activated trypsin, and of a trypsin-inactivated trypsin mixture —|ysozyme and ribonuclease (1, 2), but not with trypsin. 
are shown in Fig. 3. The similarities of the patterns and of the A third possibility is that the inactivation with formic acid 
mobilities of the ascending and descending boundaries (Table IV) involves an acylation of the hydroxyl groups of serine and 
indicate no significant difference in charge between trypsin and threonine. Such an ester bond would be labile at alkaline pH 
inactivated trypsin. values, and the resulting uptake of base would be consistent | 
Optical Rotation of Trypsin in Anhydrous Formic Acid—In with the titration data as previously indicated in this commu- 
view of the dependence of optical rotation on the helical con- nication. This mechanism would also be consistent with all 
figuration of proteins, the introduction of an additional atom the experimental evidence presented above for trypsin, but 
into the backbone of the polypeptide chain, arising from an would not account for the increase in amino nitrogen observed © 
N- to O-acyl shift, would be expected to cause a significant by Josefsson and Edman (1) during the inactivation of lysozyme 
change in the optical rotatory power of the protein. Accord- or for the increased electrophoretic mobility of inactivated 
ingly, a 0.75 per cent solution of trypsin in anhydrous formic lysozyme and ribonuclease. It is conceivable that in the latter 
acid was prepared and the optical rotation followed over a case the higher mobility could result from the marked aggrega- 
15-hour period at room temperature. Immediately after mixing, tion observed with this inactivated enzyme. These authors — 
the specific optical rotation at 5890 A was —56° and had changed have also shown that neither serine nor threonine in the free | 
only to —59° at the end of the experiment. Although these state reacts with formic acid. The formylation of these amino | 


t 
1. 
| 
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acids would thus require that they be more reactive in a poly- 
peptide chain than in the free state. 

Until more definite experimental evidence is forthcoming, we 
believe it is unwise to conclude that the inactivation of trypsin 
by formic acid is attributable to an .V- to O-acyl shift. A de- 
cision about other possible mechanisms must await further 
investigation.’ 


SUMMARY 


Trypsin is inactivated by treatment for 14 to 17 hours with 
anhydrous formic acid. The inactivated enzyme is insoluble 
in aqueous solutions at pH values from 1 to 12 but is soluble in 
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incubation in 8 M urea. at pH 8, the enzyme was reactivated, 
and the reactivation was accompanied by an uptake of 30 to 
35 moles of base per mole of trypsin. Attempts to demonstrate 
the presence of additional amino groups in the inactivated 
enzyme by the ninhydrin method or by reaction with dinitro- 
fluorobenzene gave negative results. ‘Titration data indicated 
that if these groups exist, they cannot have a pK of less than 
10.5. Electrophoretic experiments failed to show an increase 
in mobility, and there was no significant change in optical rota- 
tion upon inactivation. These results do not support the 
hypothesis of an N- to O-acyl shift in trypsin produced by an- 
hydrous formic acid, and other possible mechanisms of inacti- 


concentrated urea and guanidine hydrochloride solutions. By vation are considered. 
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The use of C™-labeled glucose as a substrate for Escherichia 
coli has yielded considerable information on the pathways of 
synthesis of ribose and deoxyribose in this organism. Thus, 
Lanning and Cohen (1) found that when E£. coli strain B was 
grown on glucose-1-C™ as sole carbon source, the deoxyribose 
from the deoxyribonucleic acid contained 20 to 30 per cent of 
the specific activity of the exogenous glucose. Essentially the 
same result was obtained for the ribonucleic acid-ribose of 
this strain of #. coli (2). This showed, first of all, that most of 
the ribose and deoxyribose are formed from glucose catabolized 
mainly via a pathway involving the loss of C-1, such as the 
oxidative phosphogluconate pathway. Second, these results 
strongly suggested that a ribose compound may be the deoxy- 
ribose precursor or that ribose and deoxyribose may have a 
common precursor. 

In a later series of experiments, Bernstein (3) grew E. colt 
strain B on glucose-1-C™, and then isolated the RNA-ribose. 
By degradation of the ribose and subsequent determination 
of the amount of isotope in each of the ribose carbons, he also 
demonstrated that most of the ribose was formed from glucose 
after loss of C-1. This type of experiment yielded very similar 
results for the deoxyribose of thymidine from DNA (4). 

In the experiments reported in this paper, the question of 
whether all deoxyribose is derived via the same pathway was 
investigated. It is conceivable, for example, that the deoxy- 
ribose of purine deoxynucleosides may have a different origin 
from that of the deoxyribose of pyrimidine deoxynucleosides. 
In testing this possibility, two strains of E. coli were examined. 
One of these, strain B, can grow on a mineral medium supple- 
mented only with glucose; the other, strain 15r.y., needs addi- 
tions of thymine and uracil as well. Strain B makes all of its 
nucleic acid bases de novo but strain 157-y. makes only its purine 
bases de novo. It was of interest to determine, then, whether 
there are different methods of synthesizing deoxyribose in these 
two organisms, especially in the latter one, which has to scavenge 
its pyrimidines from the medium. Thus, each of these strains 
was grown on appropriate media containing glucose-1-C™. The 
specific activity of the deoxyribose moiety of each of the de- 


* This research was supported by the Commonwealth Fund 
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a dissertation presented by Marilyn R. Loeb to the faculty of the 
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oxyribonucleosides obtained from their DNA’s was determined’ 
Since nothing is known of the origin of ribose in strain 15y7.y. 
the specific activity of the ribose moiety of each of the four ribo- 
nucleosides from RNA was also measured. 


EXPERIMENTAL 


- 


E. coli strain B was grown aerobically at 37° on a mineral © 


medium (5) supplemented with 1 mg. per ml. of glucose-1-C¥ 
having a specific activity of 800 c.p.m. per umole. The cells 
were grown from an initial concentration of 5 xX 10’ cells per 
ml. to a final concentration of 1 xX 10° cells per ml. Division 
time under these conditions was about 50 minutes. £. coli 
strain 157-y. was similarly grown; its medium was like that of 
strain B but contained, in addition, 2 wg. per ml. of thymine 
and 10 wg. per ml. of uracil. £. colt strain W.., which was 
used for the preparation of an enzyme extract, was grown on 
the same mineral medium supplemented with 1 mg. per ml. of 
glucose and 10 ug. per ml. of uracil. Growth of bacteria was 
followed by turbidity measurements with the No. 42 filter in 
the Klett colorimeter and also by measurements of viable cells, 
as estimated by colony counts. 

DNA was isolated from strain B at the very end of the log- 
arithmic growth phase by the Schmidt-Thannhauser procedure 
(6). The DNA-protein precipitate, obtained by this method, 
was further treated by boiling for 1 hour in n NaCl at pH 7. 
DNA was then precipitated overnight by addition of 4 volumes 
of cold ethanol to the chilled supernatant. A 1. of cells having 
a titer of 1 X 10° bacteria per ml. vielded about 10 mg. of DNA, 
as determined by the diphenylamine reaction (7). DNA and 
the four ribonucleotides of RNA were isolated from strain 15r.v. 
by the procedure of Downing and Schweigert (8). Since the 
DNA of strain 15, once exposed to alkali, is not readily repre- 
cipitated by acid, the Schmidt-Thannhauser procedure could 
not be used with this organism without modification. 


DNA was hydrolyzed with DNase (Worthington, noncrystal- . 


line) and calf intestinal phosphatase as follows. The precipi- 
tate containing 25 mg. of DNA was dissolved in 10 ml. of a 
solution that was 0.05 m with respect to both tris(hydroxy- 
methyl)aminomethane (pH 7.0) and MgCle. 400 ug. of DNase 
in 0.5 ml. of water were added, and the solution was incubated 
for 18 hours at 37°. After action of DNase, the solution was 
brought to the phenolphthalein end point by addition of am- 
monia. After addition of 30 units of alkaline phosphatase, the 
mixture was incubated for 8 hours at 37°. The reaction was 


stopped by boiling and after crystallization overnight in the 
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cold, the magnesium ammonium phosphate was removed by 
centrifugation. The calf intestinal phosphatase used in this 
hydrolysis had been purified up to, but not including, the acetone 


precipitation step (9). The supernatant fluid from the hy- 


drolysate was reduced to about 0.5 ml., and the deoxynucleo- 
sides were quantitatively obtained by three extractions with 
absolute ethanol at 60°. The four deoxynucleosides were 
separated by chromatography on Dowex 1-formate (X10) in 
the following manner. The ethanol extract, taken to dryness, 
was dissolved in 1 ml. of 0.01 Mm ammonium formate buffer 
(0.01 m with respect to formate) at pH 10 and applied to the 
top of a column measuring 10 X 1 cm.2 CDR! was eluted 
almost immediately with 0.01 m buffer at pH 9.5. Thymidine, 
guanine deoxyribonucleoside, and HXDR were then eluted, in 
that order, with 0.1 m buffer at pH 9.0. HXDR, and not ADR, 
appears in the hydrolysate because of the presence of an ADR 
deaminase in the preparation of intestinal phosphatase. Each 
of the deoxynucleosides was then further purified by paper 
chromatography. 

The ribonucleotides from strain 157.v. were hydrolyzed to 
ribonucleosides with intestinal phosphatase and then separated 
and purified by paper chromatography. 

In order to determine the radioactivity of the deoxyribose 
moiety of the deoxyribonucleosides, an enzyme, nucleoside 
phosphorylase (10), present in aqueous extracts of strain W.., 
was used to transfer the deoxyribose moiety from the radio- 
active nucleoside to a free unlabeled base to form a new nucleo- 
side. The specific activity of this new nucleoside, containing 
C4 in its deoxyribose moiety alone, was then determined. Thus, 
thymidine, when incubated with enzyme and uracil, vielded 
UDR (new nucleoside) and thymine. Similar use of this en- 
zyme has been reported by Rose and Schweigert (11). The 
enzyme extract was prepared as described by Cohen (12), with 
the difference that the ground cells were extracted with water. 
The reaction conditions employed for a 50 per cent vield of 
new nucleoside were as follows: 1 umole of thymidine or CDR 
was incubated for 6 hours at 37° with 5 umoles of uracil or 
thymine, respectively, in 1 ml. of 0.025 m tris(hydroxymethy]l)- 
aminomethane buffer, pH 7.8, containing 0.1 ml. of extract. 
Similarly, 1 wmole of guanine deoxyribonucleoside or HXDR 
was incubated with 10 uwmoles of thymine. It should be noted 
that the extract contains a very active CDR deaminase. There- 
fore, the products in the CDR plus thymine reaction were 
thymidine plus uracil. The reactions were stopped by boiling 
for 10 minutes. After centrifugation, the supernatant fluids 
were reduced to dryness and extracted with ethanol by the 
procedure of McNutt (13). Each reaction mixture was chro- 
matographed overnight on paper in ethyl acetate-phosphate 
(14) or ethy] acetate-formic acid-water (15). These two solvents 
separate thymidine from thymine, the purine nucleosides, and 
the purine bases; they also separate UDR from uracil, thymine, 
and thymidine. However, they do not separate thymidine 
from uracil or the uracil-like contaminant present in the We- 
extracts. This separation was achieved by overnight chroma- 
tography in butanol-ammonia (16). The thymidine and CDR 
from DNA of strain 157-y. should have very little or no radio- 
activity in their pyrimidine moieties, since these are derived 


1 The abbreviations used are: CDR, cytosine deoxyribonucleo- 
side; UDR, uracil deoxyribonucleoside; HXDR, hypoxanthine 


_ deoxyribonucleoside; ADR, adenosine deoxyribonucleoside. 
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from the medium and not from the glucose. Therefore, the 
specific activity of the deoxyribose moiety should be the same 
whether determined by counting thymidine and CDR directly 
or by counting the new nucleoside formed after enzymatic 
transfer of the deoxyribose. The fact that this was found to be 
so provides a check on the method. 

The specific activities of the ribose moieties of the pyrimidine 
ribonucleosides from RNA of strain 157-y. were determined by 
counting the nucleosides directly. The purine ribonucleosides 
were hydrolyzed to the free base by boiling in N HC] for 1 hour. 
The bases were purified chromatographically. The specific 
activity of the ribose moiety was then determined as the differ- 
ence in specific activity between the ribonucleoside and its 
free base. 

All materials to be counted were eluted from paper with water 
three times at 50°. The eluates were filtered and concentrated 
at 50° under reduced pressure. A blank paper was also chro- 
matographed, and a band, corresponding to the position of the 
compound on the experimental paper, was also eluted. The 
spectrum of the blank, due to paper contaminants, was sub- 
tracted from the spectrum of the extract of the compound and 
the concentration of the compound was then determined with 
the use of known extinction coefficients. The concentration of 
the compound, determined from spectra taken at two different 
pH levels, agreed within 3 per cent. Compounds were chro- 
matographed to constant specific activity as a further check on 
purity. Spectral data were obtained from Beaven et al. (17). 
Material in amounts of 0.1 mg. or less was plated on stainless 
steel planchets and counted in a windowless flow counter. Two 
planchets of each compound were counted, each planchet con- 
taining different amounts of material as a check for self-ab- 
sorption. 


RESULTS 


In Table I are shown the specific activities of the deoxyribose 
moieties from the DNA of strain B, as determined in three 
separate experiments. It should be noted that the values ob- 
tained for each deoxyribose moiety fall within the range reported 
by Lanning and Cohen (1) for total deoxyribose. The results 


TABLE I 


Spectfic activity of deozyribose of each deozyribonucleoside obtained 
from DNA of E. coli strain B grown on glucose-1-C}4* 


Experiment No. 
1 | 2 | 3 
: 
P t P t P t 
| | Specific | specific | Specific | specific | Specific | specific 
nucleoside aucleceide activity | activity activity 
c.p.m./ | c.p.m./ C.p.m./ 
pmole | umole umole 
TDRt 211 | 25 218 27 202, 25 
TDRfI...... UDR 176 | 22 259 32 216 | 28 
GDRt..... TDR © | 227 | 28 | 208 | 26 
HXDR TDR 248 ol 212 27 


* Specific activity = 800 c.p.m. per umole. 

+ Per cent specific activity = (specific activity of nucleoside/ 
specific activity of glucose-1-C'*) 100. 

t TDR, thymidine; GDR, guanine deoxyribonucleoside. 
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Il 
Specific activity of deoryribose of each deoryribonucleoside of DNA 
of E. coli strain 157-1- grown on glucose-1-C'*™* 


Per cent 


Original New | Specific activity of : 
deoxyribonucleosidet |deoxyribonucleoside | deoxyribose | specific activity 
UDR 274 34 
264 | 33 
Pe TDR 287 | 36 
ee | 283 | 35 
aes TDR | 287 | 36 
Se TDR | 236 | 30 


* Specific activity of glucose-1-C'* = 800 ¢.p.m. per umole. 
+ TDR, thymidine; GDR, guanine deoxyribonucleoside. 


[II 
Specific activity of ribose of each ribonucleoside from RNA 
of E. coli strain 157-1. grown on glucose-1-C'** 


| Specific activity Per cent specific 
Compound counted Specific activity | of theese activity of ribose 
eytidine......... 280 | 280 35 
294 | 294 37 
| 
S60 | 
| | 260 32 
hypoxanthine... 600 
guanosine........ SSO 
300 37 
580 
| | 


* Specific activity of glucose-1-C!4 = 800 c.p.m. per umole. 


also indicate that both purine and pyrimidine deoxyribose 
appear to be derived by the same mechanism, instead of arising 
via different pathways. 

In Table II are shown the specifie activities of the four de- 
oxyribose moieties from the DNA of strain 157-v... Note that 
in this case also, each deoxyribose has approximately the same 
specific activity. This indicates that all deoxyribose is derived 
similarly even in this organism which makes its purines de novo 
but has to scavenge its pyrimidines from the medium. The 
data also show that the same specific activity is obtained for 
the pyrimidine deoxyribose by counting the original nucleoside. 
This is to be expected since the pyrimidines, derived only from 
the medium, should be unlabeled. 

The specific activities of each of the ribose moieties of the 
four ribonucleosides from RNA of strain 157-y. are shown in 
Table III. Not only does each ribose moiety have approxi- 
mately the same specific activity, but the specific activity is 
the same as that obtained for each of the deoxyribose moieties. 
Thus, it appears that both purine and pyrimidine ribose are 
derived in the same manner, and that a ribose compound may 
be the deoxyribose precursor. 


DISCUSSION 


We have shown that in £. coli strain 15r-y- each of the ribose 
moieties of the four ribonucleosides from RNA and each of the 
deoxyribose moieties of the four deoxyribonucleosides from 
DNA contains about 35 per cent of the C-1 of glucose. 


Sim- 
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ilarly, in strain B each of the four deoxyribonucleosides of DNA 
contains about 28 per cent of the C-1 of glucose. In both strains 
then, nucleic acid pentose has been formed from glucose after 
considerable loss of C-1. 

More important, however, is the finding that the four deoxy- 


~ 


ribose moieties from the DNA of each strain contained the same © 


amount of C-1 of glucose. This indicates that all deoxyribose 
has been formed by the same type of pathway. Therefore, 
there do not seem to be qualitatively different mechanisms oper- 
ating for purine deoxyribose formation as opposed to pyrimidine 
deoxyribose formation. 

Many workers (1-4) have sought. evidence for the utilization 
of a pathway of deoxyribose formation involving deoxyribose 
phosphate aldolase which forms deoxyribose 5-phosphate from 
acetaldehyde and glyceraldehyde 3-phosphate (18). 


In an 


organism such as £. colt in which at least two-thirds to three- — 


quarters of the glucose utilized for aerobic growth is metabolized 
by the Embden-Meyverhof pathway (19), by a pathway 
which conserves the C-1 of glucose, the deoxyribose 5-phosphate 
derived from acetaldehyde and triose phosphate should contain 
at least twice the content of C™ actually found. Thus, our 


findings exclude any pathway of nucleotide formation in these — 


strains involving this origin of deoxyribose, whether it be | 


supposed that this compound is isomerized to deoxyribose 
1-phosphate before formation of a nucleoside which is then 
phosphorylated or that deoxyribose 5-phosphate is converted to 
l-pyrophosphoryl deoxyribose 5-phosphate which then con- 
denses with a base to form a nucleotide directly. It had been 
imagined that if one of the condensation reactions indicated 
above existed, this reaction would be magnified in 157... which 
requires thymine or thymidine for DNA synthesis. 


deoxyribose in its low content of C-1, and both the conversion 
of deoxyuridylie acid to thymidylic acid and the deoxyribose 
phosphate mechanism are excluded, it would appear that a 
hitherto unsuspected mechanism is operating in the formation 
of thymidyvlie acid. 
excluded. 

1. Thymine can condense with ribose 1-phosphate to form 
thymine ribonucleoside (20) which may be converted to the 
rrbonucleotide. A direct formation of the ribonucleotide via a 
1-pyrophosphory] ribose 5-phosphate is also conceivable. Either 
ribonucleoside or ribonucleotide may have been converted to 


the appropriate deoxvribosy1 derivative. 
2. Thymine may be converted directly to a deoxyribonucleo- | 


tide by direct transglycosidation of deoxyribose 5-phosphate 
from a deoxyribonucleotide, or via the intermediation of a 
1-phosphorylated deoxyribose 5-phosphate derived from a 
deoxvribonucleotide. 

In any case, the data support the concept of a direct conversion 
of ribose to deoxyribose, as previously proposed (1-4, 11, 21-24), / 
since these moieties had the same specific activities in both | 
strain B and in strain 157-¢.. Recently, Grossman and Hawkins 
(25) reported the conversion of ribonucleosides and _ ribonucleo- 
tides to deoxyribonucleosides and deoxvribonucleotides, respec- 
tively, in cell-free bacterial extracts. 


SUMMARY 


1. An enzymatic method for determining the specific activity 
of deoxyribose moiety of a deoxynucleoside that is labeled in- 
both its base and sugar moicties is described. 


Since in 
this organism thymine deoxyribose is in fact similar to all other — 


The following possibilities have not been | 


of 
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2. When Escherichia coli strain B was grown on glucose-1-C', 
the deoxyribose moieties of each of the deoxyribonucleic acid 
deoxyribonucleosides had the same specific activity. This find- 
ing indicated that all deoxyribonucleic acid deoxyribose was de- 
rived via a common pathway. 

3. When E. colt strain 157-v- was grown on glucose-1-C"™, the 
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ribose moieties of each of the ribonucleic acid ribonucleosides 
and the deoxyribose moieties of the deoxyribonucleic acid de- 
oxyribonucleosides all had the same specific activity, regardless 
of the origin of the base. This indicated that all ribose and all 
deoxyribose are each derived by the same pathway and that de- 


oxyribose may be derived from a ribose compound. 
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Lanning and Cohen (1) reported that when Escherichia colt 
strain B is infected with T6r+ bacteriophage in a medium con- 
taining glucose-1-C', the deoxyribose from the deoxyribonucleic 
acid of the T6r+ particles liberated on lysis of the cells contains 
40 to 60 per cent of the specific activity of the exogenous glucose. 
In parallel experiments, it was shown that the deoxyribose from 
the deoxyribonucleic acid of growing, uninfected cells contains 
only 20 to 30 per cent of the specific activity of the exogenous 
glucose-1-C'*. Thus, the infection process, which calls for an 
increased rate of deoxyribose synthesis, also results in a shift 
of pathways used for deoxyribose formation from glucose. How- 
ever, it remained to be shown whether this shift is true of all 
T6r* deoxyribose or of only some of the T6r+ deoxyribose. It 
is of interest to know, for example, whether pyrimidine deoxyri- 
bose is made by a different pathway from purine deoxyribose. 
Experiments performed to decide this point are described in this 
paper. Cells grown in C¥-glucose were infected with Té6rt* 
particles in media containing glucose-1-C™ as sole carbon source. 
The T6r+ DNA produced under these conditions was isolated 
and hydrolyzed to the deoxyribonucleoside level. The specific 
activity of the deoxyribose moieties of each of the four deoxy- 
ribonucleosides was then determined. 

Another aspect of deoxyribose synthesis concerns the nature 
of the deoxyribose precursor. There is much evidence to sug- 
gest that this is a ribose compound, 7.e. that adenosine 5’-phos- 
phate is the precursor of deoxyadenosine 5’-phosphate. This 
hypothesis was tested in a series of experiments reported in 
this paper. Lastly, this paper also describes the characteriza- 
tion of a new compound isolated uniquely from enzymatic 
hydrolysates of T6r+ deoxyribonucleic acid, namely, 5-hydroxy- 
methyl-(O-diglucosyl)-cytosine deoxyribonucleoside. 

Before these experiments were performed, some aspects of the 
chemistry and metabolism of Té6ér+ deoxyribonucleic acid had 
to be considered. First, T6r*+ deoxyribonucleic acid contains 
the base, hydroxymethylcytosine, instead of cytosine (2). 
Moreover, most of this hydroxymethylcytosine is glucosylated, 
i.e. it has attached to its hydroxymethyl] group glucosyl! moieties 
(3). When T6r*+ deoxyribonucleic acid is hydrolyzed to the 
nucleotide level, small amounts of hydroxymethylcytosine 
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The Upjohn Company. The data presented in this paper are 
taken from a dissertation presented by Marilyn R. Loeb to the 
Faculty of the Graduate School of Arts and Sciences, the Univer- 
sity of Pennsylvania, in partial fulfillment of the requirements for 
the degree of Doctor of Philosophy. 

+t Predoctoral Research Fellow of the National Cancer Insti- 
tute, United States Public Health Service, 1955-1957. 


nucleotides are released. About one-half of this hydroxy- — 


methyleytosine fraction contains diglucosylated nucleotide, 
another half contains unsubstituted nucleotide, and a very small 
portion consists of monoglucosylated nucleotide.!. The glucos- 
ylation of the hydroxymethylcytosine results in a partial 
resistance of T6r+ deoxyribonucleic acid to hydrolysis by de- 


oxyribonuclease and phosphatases. Moreover, most of the — 


hydroxymethylcytosine residues of the deoxyribonucleic acid 
are found in the enzymatically resistant core, which also con- 
tains some guanine, adenine, and thymine residues. Thus, low 
yields of hydroxymethylcytosine deoxyribonucleoside are ob- 
tained after enzymatic digestion, and further chemical attack 
on the core is necessary to increase this yield. Secondly, under 
the experimental conditions reported in this paper, about 23 


~ 


per cent of the T6r*+ deoxyribose is derived from the host, and — 


the remainder from the exogenous glucose (1). 


Therefore, the 


data must be corrected for host contributions to T6r+ deoxyribo- | 


nucleic acid. Thirdly, the infected cell synthesizes excess T6r* | 


deoxyribonucleic acid (4), 7.e. phage deoxyribonucleic acid that | 


is found in the medium, but not within phage particles. This 


excess deoxyribonucleic acid can be isolated and used as a — 


further source of hydroxymethyleytosine deoxyribonucleoside | 


(5) which is otherwise difficult to obtain. 


EXPERIMENTAL 


Infection and isolation of C-labeled T6r*+ were carried out — 


in the following manner. £. coli strain B was vigorously aerated 
in 1 |. of mineral medium (6) containing 1 mg. per ml. of glucose 


and allowed to grow from 5 X 10’ cells per ml. to 3 X 10% cells 


per ml. These cells, collected by centrifugation and washed | 
with mineral medium, were then resuspended in 1 1. of mineral — 
medium containing 3 mg. per ml. of glucose-1-C™ with a specific — 


activity of 800 c.p.m. per umole. 


50 mg. of pi-tryptophan in — 


10 ml. of 0.02 n KOH were added followed by a 5-fold multi- 


plicity of T6r+ particles. The culture was vigorously aerated — 


at 37° for 6 to 8 hours, by which time lysis had occurred. T6r" 


particles were collected by 2 cycles of differential centrifugation, — 
and the DNA was obtained by the urea method (7), modified 


as follows. 


T6r+ particles were suspended in a volume of 0.05 — 


mM tris(hydroxymethyl)aminomethane at pH 7.5 containing © 


1In unpublished observations by S. S. Cohen and J. Lichten- 
stein, comparable ratios of non-, mono-, and diglucosylated de- 
rivatives of the hydroxymethylcytosine nucleotide have been 
observed in both r* and r preparations of T6 bacteriophage. A 
similar result concerning the presence of the three nucleotides was 
reported orally by M. Jesaitis at the Philadelphia meeting of the 
American Society of Biological Chemists in May, 1958. 
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T6r* Lysate 


jlow speed centrifugation 


cell debris T6r* lysate minus cell debris 
high speed centrifugation 
T6r° particles supernatant fluid containing 
enzymes excess DNA 
f 
deoxynucleosides enzyme- HClO, 
core 
| chromatography acid-insoluble material 
chemical 
| hydrolysis hot HCIO4 
HXDR GDR TDR HDR HDRD v. 
apurinic DNA 
HMC, HDR LSN HClOg 
HMC, HDR 


Fig. 1. Fractionation procedure used to obtain T6r* DNA from the lysate. (TDR = thymidine) 


0.85 per cent NaCl such that the final concentration of DNA, as 
determined by the diphenylamine reaction (8), was less than 
0.2 mg. per ml. To each 10-ml. of suspension were added 5 
gm. of deionized urea.? This caused a 1.4-fold increase in 
volume so that the final urea concentration was 6 mM. The sus- 
pension was warmed to 37° and then incubated at this tempera- 
ture for 2 hours. During this time lysis of more than 99 per 
cent of the phage occurred with a consequent drop in light 
scattering by the suspension. The viscosity of the solution 
increased greatly. 1.4 gm. of NaCl for each 10 ml. of original 
suspension, 2.e. the volume before the addition of the urea, were 
added. This further reduced the slight turbidity by dissociating 
nucleoprotein particles. The mixture was then deproteinized 
by the procedure of Sevag et al. (9) by shaking with an equal 
volume of an 8:1 mixture of chloroform and caprylic alcohol, 
centrifuging, and removing the top layer of solution. This 
solution contained the nucleic acid; it was treated one to two 
more times in a similar manner to remove protein. Addition 
of 4 volumes of ethanol precipitated the highly polymerized 
DNA which was collected around a stirring rod, washed in 70 
per cent, 95 per cent, and absolute ethanol successively, and 
then dried in a vacuum. All preparations from T-even phage 
made by this method have been highly viscous' and have had 
high molecular weights, estimated from sedimentation and 
viscosity data.3 

The DNA was then hydrolyzed with DNase and calf intes- 
tinal phosphatase as described in the previous paper (10). The 
hydrolysate was reduced to a small volume (approximately 
0.5 ml.) and extracted three times with absolute ethanol at 50°. 
This extract contained deoxyribonucleosides, and the non- 
extractable residue contained the HMC*-rich, enzyme-resistant 


? Deionized urea was prepared by dissolving 5 pounds of reagent 
grade urea in 1.25 1. of water at 50°. 50 gm. of Amberlite MB-1 
(a mixed exchanger) were added, and the mixture was stirred for 
10 minutes and then filtered. The urea, which crystallized out of 
solution on cooling, was collected by filtration and dried in a 
vacuum over phosphorus pentoxide. 

*$. 8. Cohen, unpublished observations. 

‘The abbreviations used are: HMC, hydroxymethylcytosine; 
HDRD, 


DNA. In order to obtain HMC and HDR, this DNA core 
was hydrolyzed in 1.5 n HCI1O, for 1 hour at 100° as described 
by Cohen (11). The solution was brought to neutrality by 
addition of 6 N KOH, and after removal of the KCIO, precipi- 
tate, the hydrolysate was treated with calf intestinal phosphatase 
in order to convert hydroxymethyldeoxycytidylic acid to HDR. 
The hydrolysate was then chromatographed on paper in butanol- 
ammonia (12). Three bands were obtained, the first of which 
consisted of HMC, HDR, and guanine and had an R, of 0.05 
to 0.15. The second band was adenine (Rp, 0.30 to 0.40), and 
the third band was thymine and thymidine (Rp of 0.45 to 0.55). 
The material in the HMC-HDR-guanine band was eluted and 
chromatographed on paper in ethanol-acetic acid (13) to yield 
HDR (Ry, 0.55), HMC (Rp, 0.45), and guanine (Rp, 0.35). 

The excess DNA mentioned above was obtained from the 
lysate after removal of cell debris and Té6rt particles by the 
method of Green eé al. (5). 

A summary of the various fractionation procedures employed 
appears in Fig. 1. The enzymatically released deoxyribonucleo- 
sides were applied to a Dowex 1-formate column and eluted as 
described in the previous paper (10), the only difference being 
that HDR was obtained in place of CDR. Each of these 
deoxyribonucleosides was then chromatographed on paper with 
the following solvent systems: thymidine in butanol-ammonia 
(12), GDR and HXDR each in water-isoamyl alcohol, and 
HDR in ethanol-acetic acid (13). The water-isoamy! alcohol 
solvent is prepared in the same way as the 5 per cent Na2HPO,- 
isoamyl alcohol solvent of Carter (14) and is used instead in 
order to avoid contamination of the nucleosides with phosphate. 
All of the deoxyribonucleosides gave one spot except HDR 
which yielded two. This apparent anomaly will be discussed 
at length below. 

The specific activities of the deoxyribose moieties of GDR, 
HXDR, and thymidine were determined by enzymatically 
transferring the deoxyribose moieties to a free base to form a 


5-hydroxymethyl-(O-diglucosyl)-cytosine deoxyribonucleoside; 
CDR, cytosine deoxyribose; GDR, guanine deoxyribonucleoside; 
HXDR, hypoxanthine deoxyribonucleoside; and UDR, uracil 
deoxyribonucleoside. 
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“new nucleoside,” and then measuring the specific activity of 
this new nucleoside. These reactions were mediated by the 
nucleoside phosphorylase system in F. coli extracts, and the 
full details are presented in the previous paper (10). Thus, 
when thymidine, which contained C™ in both its base and de- 
oxyribose moieties, was incubated with uracil and enzyme, 
UDR, labeled only its deoxyribose moiety, was formed. 

However, this enzymatic method cannot be used with HDR, 
since HDR is not acted upon by the nucleoside phosphorylase 
of E. coli. Moreover, although 5-hydroxymethyluracil deoxy- 
ribonucleoside, the deamination product of HDR, can be cleaved 
by nucleoside phosphorylase, attempts to transfer its deoxyribose 
moiety to a free base (thymine) have been unsuccessful. There- 
fore, the specifie activity of the deoxyribose moiety of HDR 
was determined as the difference in specific activity between 
HDR and HMC. ‘This in itself presented difficulties since the 
exact molar extinction coefficient of HDR is not known. A 
value of 11.7 & 10° at pH 1 and 2800 A was used, based on the 
determination of Flaks and Cohen (15) for hydroxymethyl- 
deoxycytidylic acid. 

Reducing sugar was determined by the anthrone procedure 
(16, 17). Pyrimidine-bound deoxyribose was determined by 
the tryptophan-perchloric acid method (18). 


RESULTS 


Specific Activity of Deoxyribose Motettes—When the four 
deoxyribose moieties of the T6r> DNA obtained from 2 1. of 


Specific activity of deoxyribose moieties of thymidine (TDR), 
guanine deozyribonucleoside (GDR), and hypoxanthine deory- 
ribonucleoside (HXDR), from DNA 


Experiment 1 | Experiment 2 
Original deoxy- New deoxy- | ; 
ribonucleoside ribonucleoside (Corrected Per cent* Corrected Per cent* 
specific specific | specific specific 
activity activity activity activity 
c.p.m./pmole c.p.m./umole 
UDR 393 49 430 54 
TDR 386 48 402 50 
* Per cent specific activity = (specifie activity of compound/ 


specific activity of exogenous glucose) X 100. 


TaBLe II 
Specific activity of deoxyribose moiety of hydroxymethyleytosine 
deoryribonucleotide from T6r> DNA 


i 


Correc ted Corrected | 
Source of HDR and HMC of deexy- 
of HDR of HMC | noiety | Tibose 
moiety 
Experiment 1 
Excess DNA........ 1480 1040 440 55 
Enzyme-resistant 
1400 1040 360 45 
Experiment 2 
Enzymatically re- 
leased DNA... 1300 975 325 41 
E-nzyme-resistant 


1330 975 325 44 


E. coli infected in a glucose-1-C™ medium were analyzed, it 
was found that each had approximately the same specific actiy- 
itv. In Table I, it can be seen that the deoxyribose moieties 
of the three nucleosides capable of undergoing enzymatic ey- 
change reactions with a free base contain about 50 per cent of 
the specific activity of the exogenous glucose. Table II shows 
the results obtained for the deoxyribose moiety of HDR, the 
HDR and HMC having been isolated by the various procedures 
described above. The values for the deoxyribose moiety of 
HDR vary somewhat from the values for the deoxyribose 
moieties of the other three nucleosides, but it is believed that 
this is largely attributable to certain inherent difficulties in this 
determination. First, an extinction coefficient of HDR was 
assumed since the true value has never been measured. See- 
ondly, the determination of the specific activity of the deoxy- 
ribose moiety is based on the subtraction of one large number 


from another large number so that, as can be seen in Table II, | 


a 6 per cent variation in specific activity of HDR can result 
in a 20 per cent variation in specific activity of its deoxyribose 
moiety. Nevertheless, it is believed that, within experimental 
error, the data support the hypothesis that all deoxyribose is 
formed by the same pathway. It should be noted that all 
values in Tables I and II have been multiplied by a factor of 
1.3 to correct for host donations to deoxyribose. 

Is Ribose of Acid-soluble Adenosine Precursor of Deoxyribose? 
—Since all deoxyribose was found to have a similar origin in 
infected F. coli, it became feasible to test the hypothesis that 
deoxyribose of DNA is derived from a ribose compound.  Al- 


though the enzymatic evidence of a conversion of ribonucleosides — 


and ribonucleotides to deoxyribonucleosides and deoxyribo- 
nucleotides, respectively, has only recently been found (19), 
such a pathway had been postulated by several other workers 
(1, 20-28) on the basis of labeling experiments. 

If a compound such as AMP is the precursor of deoxy-AMP, 
then the ribose moiety of the acid-soluble AMP in the infected 


cell should approach the same specific activity as the deoxy- | 
ribose moiety of adenine-bound deoxyribose of T6r* DNA, | 


when glucose-1-C" is used as the isotope source under the same 
conditions in the experiments described above. This involves 
the assumption, however, that the AMP that serves as the 
déoxy-AMP precursor is in the same pool as all other AMP, 
or, in other words, that there is only one pool of AMP within 


the infected cell. It should also be stated as a point of interest © 


that a study of the specific activity of RNA-ribose in the i- 


fected cell would not be of value, although such a study was | 
quite feasible in the growing FL. coli cell. The reason for this | 


is that the infected cell has a very unusual RNA metabolism 
with only a small portion of its RNA exhibiting any metabolic 
activity (29). 


Therefore, in order to test the possibility of a ribose com- ; 
pound serving as the deoxyribose precursor, the acid-soluble | 
fraction of 2 |. of T6r+-infected F. coli was collected 90 minutes — 


after infection, and the specific activity of the ribose moieties 
of the adenine nucleotides was determined. It was thought 
that by waiting for 90 minutes the acid-soluble fraction would 
have turned over enough times so that all of its carbons would 


be derived from the C'-glucose in the medium, with no donation — 
from host material. If the ribose of AMP serves as precursor — 
of the deoxyribose of adenine nucleotides in DNA, then its 
ribose portion should have a per cent specific activity of about | 


45 to 55. 
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The experimental details were as follows. 2 |. of cells were 
grown and then infected in radioactive medium as described 
in “Experimental” above. 90 minutes after infection the cells 
were quickly chilled to 5° and collected by centrifugation in the 
cold. The cells were then suspended in cold 2 per cent HCIO,, 
and this mixture was centrifuged 20 minutes later. The pre- 
cipitate was washed once with cold 2 per ceyt HCIO,, and this 
washing was added to the acid-soluble fraction. KOH was 
added until the solution had a pH of 7, and the KCIO, was then 
removed by centrifugation. After the pH was adjusted to 4 
with HCl, the material was passed through a column (1 X 1 cm.?) 
of activated charcoal (Merck). More than 99 per cent of the 
ultraviolet-absorbing material of the acid-soluble fraction was 
adsorbed onto the charcoal. The column was washed with 15 
ml. of water without elution of ultraviolet-absorbing material. 
The column was then washed with ammoniacal ethanol (water: 
ethanol:concentrated ammonia, 48:50:2, by volume). Approx- 
imately 50 per cent of the ultraviolet-absorbing material present 
in the original acid-soluble fraction was released in this step. 
This eluate was taken to dryness to remove ammonia and 
ethanol and then treated with snake venom® to convert adenine 
nucleotides to adenosine. An ethanol extract of the dried 
hydrolysate was then chromatographed in butanol-water (12). 
Four ultraviolet-absorbing bands were obtained, the one with 
an Ry of 0.19 having spectral properties of adenosine. This 
material was chromatographed in isopropanol-ammonia, and 
one band with an Ry of 0.27 was obtained. This consisted of 
2umoles of adenosine. After chromatography in a third solvent, 
water-isoamyl alcohol (see above), the specific activity of the 
adenosine was determined. After hydrolysis of the adenosine 
in N HCl for 1 hour at 100°, adenine was isolated and purified 
by paper chromatography and its specific activity also deter- 
mined. Ribose specific activity was then calculated as the 
difference in specific activity between adenosine and adenine. 
In one experiment adenosine had 890 ¢.p.m. per umole and 
adenine, 590 c.p.m. per umole, thereby giving the ribose moiety 
a specific activity of 300 c.p.m. per umole. In a second experi- 
ment these three values were 900, 600, and 300 c.p.m. per umole, 
respectively. Thus, the per cent specific activity in the ribose 
moiety was $$ or 38 per cent. A value of about 45 to 55 per 
cent should be obtained if a ribose compound is to be considered 
a deoxyribose precursor. 

One reason for the slightly low value obtained could be the 


donation of host material to the acid-soluble nucleotide pool. 


of 16 ¢.p.m. per umole. 


we 


_ This possibility was tested by performing an experiment similar 


to the above but different in that the cells were grown in glucose- 
1-C', harvested, washed, and then infected in nonradioactive 
medium. The ribose moiety of the 90-minute acid-soluble 
adenine nucleotides in this experiment had a specific activity 
Since the ribose of the uninfected cell 
contains only 25 per cent of the total C-1 of glucose, and since 
the specific activity of the exogenous glucose was 800 ¢.p.m. 
per umole, then the maximal specific activity expected in the 
ribose of the adenine nucleotides was 200 ¢.p.m. per umole. 
This is the value that would have been obtained if all of the 


acid-soluble adenine ribose 90 minutes after infection had been 


_ derived from the host. 
_ from the host; the remaining ribose was derived from glucose 


However, only 3'a°5 or 8 per cent came 


' Crotalus adamanteus venom was obtained from Ross Allen’s 
Reptile Institute, Silver Springs, Florida. 
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HDR 
----HDR DIGLUCOSIDE 


0.1 N OH™ 
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OPTICAL DENSITY 


a 


230 260 290 


"260 290 
Fic. 2. Spectra of HDR and HDRD 


TaB_e III 
Specific activity of hydrorymethylcytosine deoryribonucleoside 
(HDR) compared to that of its O-diglucosyl 
derivative (HDRD) 


| 
Experiment No. | of | of | Difference in specific 


activity 
j 
1 2700 | 1050 | 1650 
2 : 2560 1000 ! 1560 


of the medium. If this amount of host donation is used to 
correct the per cent specific activity values obtained in the first 
two acid-soluble experiments, then the corrected value of the 
specific activity of ribose is 41 per cent. This comes close to 
the expected 45 to 55 per cent. 

Characterization of 5-H ydroxymethyl-(O-diglucosyl)-cytosine De- 
oxyribonucleoside (H DRD)—It was mentioned earlier that when 
the small amount of HDR released enzymatically from phage 
DNA was chromatographed in ethanol-acetic acid, two bands 
were obtained. One of these had an Rp of 0.55 which is the 
usual Rp of HDR in this solvent, and the other had an Rp of 
0.21. This latter compound is designated HDRD for reasons 
to be discussed below. 

Both of these compounds had identical spectra, as shown in 
Fig. 2. However, as noted in Table III, they differed con- 
siderably in specific activity, HDRD having a specific activity 
greater than that of HDR by about 1600 c.p.m. per umole. 
Since the HDRD was formed in medium containing glucose-1-C™ 
having a specific activity of 800 c.p.m. per umole, and since 
the presence of a diglucosylated HMC in T6r+ DNA had been 
reported by Jesaitis (3), it was suspected that the product was 
5-hydroxymethyl-(O-diglucosyl)-cytosine deoxyribonucleoside. 
Therefore, this compound was isolated in larger amounts and 
characterized. 

90 mg. of T6r*+ DNA were hydrolyzed by DNase and intes- 
tinal phosphatase, and the alcohol-soluble fraction contain- 
ing the deoxyribonucleosides was chromatographed on Dowex 
l-formate as described under “Experimental.” The HDR 
fraction was then chromatographed on paper in ethanol-acetic 
acid to vield about 2 umoles each of HDR and HDRD. After 
elution from paper the HDRD, in 0.1 m HCl, was applied to a 
small Dowex 50-H* column. Elution with 0.01 n HCl removed 
a small amount of ultraviolet-absorbing material as well as 
contaminants from the paper chromatograms that would inter- 
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3. Effect of pH on the 290: 260, 280:260, and 250:260 extince- 
tion ratios of HDR and HDRD. 


NH. 
CH,-O-(GLUCOSE), 
HOCH, | 


H 
Fig. 4. Postulated structure of 5-hydroxymethyl-(O-diglu- 
cosyl)-cytosine deoxyribonucleoside (HDRD). 


fere in reducing sugar estimations. HDRD was then eluted 
from the column with 2.5 per cent ammonia. This material 
was taken to dryness and then dissolved in a suitable amount 
of water. 

HDRD was found to contain 1.8 moles of reducing sugar and 
1.1 moles of deoxyribose per mole of compound. The con- 
centration of compound was determined by its ultraviolet 
absorption, a molar extinction coefficient of 11.7 « 10° at pH 1 
and 2800 A being used. Glucose was identified as the reducing 
sugar by hydrolyzing HDRD for 1 hour at 100° in n HCl and 
then chromatographing the hydrolysate on paper in water- 
pyridine-butanol (30) which separates glucose from galactose 
and fructose. Spraying the chromatogram with the meta- 
phenylenediamine reagent (31) revealed one spot which had 
the same Ry, as a glucose control. When HDRD was hydro- 
lyzed in 6 N HCl in a sealed tube at 100° for 3 hours (4), HMC 
was found after chromatography in butanol-ammonia. 

The properties of HDRD on Dowex 50 and Dowex 1 sug- 
gested that its amino group is a slightly weaker base than that 
of HDR.* In order to verify this, the pK of the amino group 
was determined by the spectral method of Cohn as described 
by Beaven et al. (32). Fig. 3 shows a plot of the 290:260, 
280:260, and 250:260 extinction ratios of HDR and HDRD 
at various pHs. The values of these ratios change with pH 
because of the ionization of the amino group. The inflection 
point of each of the curves represents the pK value of the amino 
group. For HDR this pK is about 3.5 to 3.6; for HDRD it is 
about 3.5 to 3.4. 

Thus, the analytical data indicate that HDRD is a diglucosy- 
lated HDR. The postulated structure of this compound appears 
in Fig. 4. 
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DISCUSSION 


The essential point of this paper is that all deoxyribose in 
T6r+ DNA is derived from glucose by a common pathway. 
Thus, the increased conservation of the C-1 of glucose in deoxy- 
ribose that occurs when the cell is infected is noted not just for 
pyrimidine deoxyribose or for purine deoxyribose but for all 
deoxyribose. This is evident from the data which showed that 
the deoxyribose moieties of each of the four nucleosides of 
T6r+ DNA had essentially the same specific activity. 

Other experiments in this paper suggest that the precursors 
of the deoxyribose of T6r+ DNA are the ribonucleotides of the 
acid-soluble fraction. For, within experimental error, the ribose 
moiety of the adenosine of the acid-soluble fraction of the in- 
fected cell had nearly the same specific activity as the deoxy- 
ribose moieties of the T6r*+ DNA. These data support the 
findings of several other investigators. Furthermore, the in- 
teresting finding of a contribution of the host to the acid-soluble 
nucleotides late in the infection process has also been noted by 
Hershey (33). 

Finally, the isolation of HDRD upon enzymatic hydrolysis 
of T6r* illustrates once again the uniqueness of this DNA. 
While the other three nucleosides are released enzymatically 
from T6r+ DNA to the extent of 70 to 80 per cent, only 10 per 
cent, at most, of the HDR fraction is released and only half of 
thisis HDRD. The fact that T6r*+ DNA contains small amounts 
of both free HMC and monoglucosylated HMC in addition to 
larger portions of diglucosylated HMC means that this DNA 
consists of six different nucleotides. Thus, this DNA, because 
of its glucosylation, is more resistant to enzymatic hydrolysis 
and possesses a more varied structure than do other known 
DNA’s. The mechanism by which phage DNA, when injected 
into the cell during the infection process, causes the cell to syn- 


thesize HMC instead of cytosine has just recently been eluci- | 
It has been shown in this laboratory (15) that upon | 


dated. 
infection a new enzyme is synthesized which has the property 
of converting deoxyeytidylic acid to hydroxymethyldeoxycytidy- 


lic acid. However, the question of how and when the glucose | 


residues become attached still remains to be investigated. 
One further interesting facet of infected cell metabolism 
that the data make apparent is that the glucose moieties of 
HDRD are derived solely from the medium, 7.e. there is no host 
contribution to this glucose. Thus, when cells were infected 
in media containing glucose-1-C™ with a specific activity of 
800 c.p.m. per umole, the HDRD from the T6r+ DNA was 
found to have a specific activity higher than that of HDR by 
1600 c.p.m. per umole. This glucose attached to HDRD, 
then, represents the only known component of phage that is 
not derived in any measure from the host. Some unpublished 
experimental data of Cohen and Lichtenstein also support this 
finding, for they showed that when cells completely labeled 


with C™ were infected in nonradioactive medium, the glucose 


portions of the HDRD obtained from the phage DNA had no 
radioactivity. 


SUMMARY 


1. When Escherichia coli is infected with T6rt+ bacteriophage 
in media containing glucose-1-C", it is found that the deoxyribose 
moieties of each of the four deoxyribonucleosides of the T6r’ 
deoxyribonucleic acid formed upon infection have the same 
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specific activity. It is concluded that all deoxyribose is formed 
from glucose via the same pathway. 

2. Evidence is presented that the acid-soluble adenine nucleo- 
tides in the infected cell serve as precursors of the deoxyribose 


of T6r*+ deoxyribonucleic acid. 
3. The isolation and characterization of a nucleoside, 5- 
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deoxyribonucleoside from 
enzymatic hydrolysates of T6r*+ deoxyribonucleic acid are 
described. 


4. The glucose portions of 5-hydroxymethyl-(O-diglucosyl)- 


cytosine deoxyribonucleoside receive no contribution from the 
host, but are derived solely from glucose in the medium. 
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The Metabolism of Pantothenic Acid* 


GENE M. Brown 
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B Until now, the biosynthesis of CoA was thought to proceed 
by way of the following pathway: 


pantothenic acid — pantothenyleysteine — pantetheine — 
4’-P-pantetheine — dephospho CoA — CoA 


The formulation of this pathway was based on: (a) the finding 
that cysteine supplies the sulfur-containing moiety of CoA (3, 4); 
(b) the activities of pantetheine and pantothenylcysteine as 
growth factors for Acetobacter suboxydans (4-6) and Lactobacillus 
helveticus (7); (c) the presence of enzymes in these two organisms 
and also in Lactobacillus bulgaricus which decarboxylate panto- 
thenylcysteine to pantetheine (4, 7); (d) the report by Hoagland 
and Novelli (8) that rat liver extracts are able to convert panto- 
thenyleysteine to CoA; and (e) the discovery, separation, and 
partial purification of the enzymes which convert pantetheine 
to CoA (8, 9). 

It has been reported that 4’-P-pantothenic acid may be syn- 
thesized from pantothenic acid and ATP by enzymes present in 
Lactobacillus arabinosus (10) and Proteus morganii (11). These 
reports led Ward et al. (11) to postulate the existence of an alter- 
nate route of CoA synthesis which might operate in certain 
microorganisms and which would include P-pantothenic acid, 
P-pantothenyleysteine, and P-pantetheine as intermediates. 
The results of the present investigations establish the existence 
of such a pathway in both mammalian and microbial systems, 
and, moreover, indicate that in rat liver and some microorganisms 
it appears to be the only route by which CoA is synthesized. 


EXPERIMENTAL 


Pantothenic acid was determined by assaying with Saccharo- 
myces carlsbergensis strain 4228 (12), for which CoA (13), pante- 
theine (13), pantothenyleysteine (4, 14), and P-pantothenic 
acid (15) are inactive. Pantetheine was determined with 
Lactobacillus helveticus strain 80 (13). Pantethine (the disulfide) 
has half the molar activity of pantetheine in this assay. 

Purified bovine intestinal phosphatase was obtained from 
Pentex, Inc. Pantethine was kindly supplied by Dr. O. D. 
Bird of Parke, Davis and Company. The sodium salt of d- 
pantothenyleystine was a gift from Dr. E. E. Snell. 


Microbial Systems 


Preparation of Extracts of Proteus morganii—Proteus morganii 
(ATCC No. 8019) was used as a source of enzymes for the major 


portion of this work. The handling of the culture, growth, 


and harvesting of cells in large quantities was carried out as 


* These investigations were supported by National Science 
Foundation Grants G1300 and G4580. Portions of this work have 
appeared elsewhere as short communications (1, 2). 


described in a previous publication (11). 


Hughes press (Shandon Scientific Co., Ltd., London). The 
material obtained from the press was suspended in approxi- 


After they had been 
harvested and washed, the moist cells were frozen by immersion | 
in liquid nitrogen and ruptured by putting them through a © 


mately an equal volume of 0.02 m phosphate buffer, pH 7.0. — 
The suspension was homogenized briefly in a Potter-Elvehjem | 
homogenizer and centrifuged at 105,000 x g for 1 hour. The | 
clear extract thus obtained was then dialyzed overnight against — 


200 times its volume of 0.02 m phosphate buffer at pH 7.0. 
Metabolism of Pantothenic Acid by Extracts of P. morganii— 


The ability of the dialyzed extract to metabolize pantothenic — 
In the presence of ATP and in the | 
absence of cysteine, pantothenic acid was quantitatively con- | 
verted into a product which could not be measured by assay with | 
However, all of the pantothenic acid was — 
recovered by subsequent treatment of the product with intestinal | 


acid is shown in Table I. 


S. carlsbergensis. 
phosphatase. This product of pantothenic acid metabolism 
previously has been reported to be 4’-P-pantothenic acid! (11), 
and the enzyme responsible for the reaction has been named 
pantothenic acid kinase (11). 


panthothenic acid in the S. carlsbergensts assay. 


acid by treatment with phosphatase. 


from P-pantothenic acid and cysteine. 


pantetheine (7.e., P-pantetheine, dephospho-CoA, and CoA). 


The relative amounts of the kinase and the coupling enzyme | 


present in the dialyzed extract are indicated in Fig. 1. A 


comparison of curves 1 and 2 suggests that P-pantothenic acid: 


was being formed as an intermediate which was then used | 


1 The abbreviation used is: Tris, tris(hydroxymethyl)amino- 


methane; hereafter the use of the terms P-pantothenic acid, 
P-pantothenyleysteine, and P-pantetheine will denote that the 


phosphate group is attached to position 4’ of the pantothenie | 0 


acid moiety. 
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When cysteine was included 
with ATP in the reaction mixture, again all of the pantothenic — 
acid was converted to a product which could not substitute for — 
However, only | 
about one-half of this product was reconverted to pantothenic | 
This observation indi- 
cated that at least two enzymes were present, pantothenic acid — 
kinase and an enzyme which catalyzed a cysteine-dependent _ 
reaction of pantothenic acid. The latter enzyme will be referred _ 
to as the “coupling enzyme,” since evidence presented below | 
indicates that it catalyzes the synthesis of P-pantothenylcysteine 
Other data in Table I | 
establish that the amount of pantothenic acid which reacted | 
in the presence of cysteine and was not recovered by phosphatase — 
treatment approximately equalled the amount of phosphorylated — 
pantetheine which was produced. Thus, the crude extract 
contained all of the enzymes necessary to convert pantothenic 
acid, ATP, and cysteine to one or more forms of phosphorylated , 


nd 
— 


a 


) 
| 
| 
| C 
wo 
pa 
pa 
bel 
the 
url 
tres 
just 
sulf 
7.0, 
fract 
(amy 
and 
enzy 
fract 
at 
up 


February 1959 


TABLE I 


Metabolism of pantothenic acid and synthesis of phosphorylated 
pantetheine by crude extract of P. morganit 


Complete system: pantothenic acid, 0.083 umole; cysteine, 20 
ymoles; ATP, 20 umoles; MgCloe, 10 umoles; and 0.2 ml. of extract 
in a volume of 2 ml. of 0.05 m Tris buffer, pH 7.4. Incubation 
was for 3 hours at 37°. The reaction mixtures were heated for 5 
minutes in a 100° water bath and centrifuged to remove denatured 
protein. Aliquots were removed for treatment with intestinal 
phosphatase. To each aliquot was added 0.1 ml. of a suspension 
of intestinal phosphatase containing 40 mg. per ml., 0.1 ml. of 1 
mu sodium bicarbonate buffer, pH 8.5, and enough water to make 
a total volume of 1 ml. These reaction mixtures were incubated 
for 2 hours at 37° and assayed for either pantothenic acid or 
pantetheine. Each reaction mixture was also assayed for pan- 
tothenic acid and pantetheine before treatment with intestinal 
phosphatase. 


Pantothenic acid present : 
Pantothenic acid 


not recovered by yl- 
Reaction mixture After reaction intestinal a 
After and intestinal phosphatase 
reaction phosphatase treatment 
treatment 


pmoles X 104 pmoles X 104 pmoles XK 104 


pmoles 
104 


Complete...... 0 400 | 430 | 460 
Omit cysteine. 0 830 | 0 80 
Omit ATP....., 830 830 | 0 90 
Omit panto- | 

60 


thenic acid. . 0) | 0 


as substrate in the reaction catalyzed by the coupling enzyme. 
The linearity of the curves at lower concentrations of extract 
indicates the feasibility of assaying for either pantothenic acid 
kinase or the coupling enzyme. 

Separation of Coupling Enzyme from Pantothenic Acid Kinase— 
In order to decide whether or not the coupling enzyme would 
work equally well with phosphorylated and nonphosphorylated 
pantothenic acid, it was necessary to separate this enzyme from 
pantothenic acid kinase. In the fractionation work described 
below one unit of coupling enzyme is defined as the amount which 
catalyzes the cysteine-dependent inactivation of 1 ug. of panto- 
thenic acid in 3 hours at 37°. Protein was determined by meas- 
uring absorbancy at 280 my (16). All of the operations were 
carried out at 4° with solutions cooled to the same temperature. 

The dialyzed crude extract was separated into 4 fractions by 
treatment with a saturated solution of ammonium sulfate ad- 
justed to pH 7.0 with ammonium hydroxide. Each ammonium 
sulfate precipitate was dissolved in 0.02 m phosphate buffer, pH 
7.0, and dialyzed overnight against the same buffer before being 
tested for enzyme activity. It was found that the protein 


_ fraction precipitating between 0 and 38 per cent saturation 


(ammonium sulfate fraction 1) contained large amounts of 
pantothenic acid kinase and no coupling enzyme (Table II). 


2 At the other extreme, the fraction which precipitated between 50 
_ and 56 per cent saturation contained a small amount of coupling 


enzyme and was free of the kinase. Both enzymes were present 
in the two intermediate fractions, although ammonium sulfate 
fraction III contained the bulk of the coupling enzyme and a 
relatively modest amount of kinase. The specific activity of the 
coupling enzyme present in this fraction was 4.2 units per mg. of 
protein, a purification of about 6.5-fold over the crude extract. 


G. M. Brown 


371 


—CYSTEINE 
80 
60 = 


+CYSTEINE 
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O 


AFTER REACTION, 4/ MOLES X 10° 
PRODUCT WHICH DID NOT YIELD 
PANTOTHENATE BY TREATMENT 
WITH PHOSPHATASE, // MOLES X 10° 


P-PANTOTHENATE PRESENT 


O 


O 005 O10 O15 O20 0.25 
EXTRACT OF P MORGANII, ML. 


Fic. 1. The relative amounts of pantothenic acid kinase and 
coupling enzyme present in dialyzed crude extracts of P. morganit. 
Reaction mixtures and incubation conditions were as described in 
Table 1. Curves 1 and 2 show the amounts of P-pantothenic acid 
present at the end of the incubation period in the presence and 
absence of cysteine. Curve 3 shows the amount of product formed 
in the presence of cysteine, which did not yield pantothenate by 
treatment with intestinal phosphatase. Thus, Curve 3 represents 
the amount of product formed by the coupling enzyme. 


Il 
Enzymatic activities of ammonium sulfate fractions 


Reaction mixtures and incubation conditions were as described 
in Table I. Coupling enzyme was determined according to direc- 
tions in the text. 


| | Coupling enzyme 
Ammonium sulfate Pantothenic acid 


fraction inase 
Specific activ 
Total units pote 
++++ 0 0 
1380 2.5 
++ 2650 4.2 
a 0 720 2.0 


* Ammonium sulfate fractions I, Il, I1I, and IV were those 
protein fractions which were precipitated between 0 to 38, 38 to 
44, 44 to 50, and 50 to 56 per cent saturation, respectively. 

+ The crude extract which was used as the starting material 
contained 0.64 unit per mg. of protein. 


The coupling enzyme was obtained free of the last traces of 
the kinase by treatment of ammonium sulfate fraction III with 
calcium phosphate gel. This treatment was carried out at a 
ratio of 3 parts of gel to 4 parts of protein. The gel was added to 
20 ml. of ammonium sulfate fraction III containing 1600 units of 
enzyme and 390 mg. of protein. After stirring for 10 minutes 
to allow adsorption to occur, the suspension was centrifuged and 
the gel washed with 20 ml. of distilled water. Elution was 
effected with 10 ml. of M ammonium sulfate, pH 7.0. The eluate 
(hereafter referred to as the gel eluate) was dialyzed overnight 
against 0.02 m phosphate buffer, pH 7.0, to remove the am- 
monium sulfate. It was found that none of the pantothenic acid 
kinase had adsorbed to the gel. However, about 80 per cent 
of the coupling enzyme was adsorbed and was quantitatively 
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TaB_eE III 

Metabolism of pantothenic acid by eluate from calctum phosphate gel 

The complete reaction mixture consisted of: pantothenic acid, 
0.083 wmole; ATP, 20 cysteine, 20 wpmoles; MgCl., 10 
ymoles; gel eluate, 0.1 ml., ammonium sulfate I, 0.1 ml. in a total 
volume of 2 ml. of 0.04 m Tris buffer, pH 7.4. Incubation condi- 
tions and treatment with intestinal phosphatase were as de- 
scribed in Table I. The amount of pantothenic acid inactivated 
by the coupling enzyme was determined according to directions in 
the text. 


_ Pantothenic acid product 
formed by coupling 
enzyme 


Reaction mixture 


pmoles X 104 


Complete 
Omit ammonium sulfate I........... eee 
Omit gel eluate 
Omit cysteine 


removed by the eluting agent. The gel eluate contained 1360 
units of coupling enzyme with a specific activity of 39 units per 
mg. of protein. This value represented an over-all purification 
of 61-fold over the starting material. 

Data obtained from experiments performed with the gel eluate 
are given in Table III. It is evident that the reaction catalyzed 
by the coupling enzyme was completely dependent on the pres- 
ence of ammonium sulfate fraction I, a fraction which was rich 
in pantothenic acid kinase. The requirements for cysteine and 
the gel eluate are also clearly demonstrated by the results in 
Table III. 

Requirement of CTP for Synthesis of P-pantothenylcysteine— 
The results presented above suggest that P-pantothenic acid is 
the obligate substrate for the coupling enzyme. It should be 
possible, then, to replace the requirements for pantothenic acid 
and pantothenic acid kinase with P-pantothenic acid. This 
corollary was found to be true from the results of the experiments 
described below. In the course of these experiments a unique 
function for CTP was discovered. 

P-pantothenic acid was formed by incubating 0.08 umole of 
pantothenic acid, 20 wmoles of ATP, 10 uwmoles of MgCl: and 
0.1 ml. of ammonium sulfate fraction I in a total volume of 1 


TABLE 
Requirement of CTP for synthesis of P-pantothenylcysteine 
The reaction mixtures contained: P-pantothenic acid, 0.083 
umole; ATP, 5 wmoles; cysteine, 20 umoles; MgCle, 10 umoles; 
0.1 ml. of gel eluate in a total volume of 2 ml. of 0.04 Tris buffer, 


pH 7.4. Incubation conditions were as described in Table I. 
Addition to reaction mixture | rs acid 
pmoles X 102 

extract. .................... 1.9 
Ammonium sulfate 4.4 
1.8 
CDP, 5 umoles. 2.9 


CMP, 5 umoles... 


Metabolism of Pantothenic Acid 


ml. of 0.08 m Tris buffer, pH 7.4, for 3 hours at 37°. Assays © 


showed that, under these conditions, all of the pantothenic acid 
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was converted to P-pantothenic acid. The reaction mixture ) 


was heated (5 minutes in a 100° water bath) and centrifuged to — 
remove denatured protein. To the solution, which contained 
P-pantothenic acid, was added 20 umoles of cysteine and 0.1 


~ 


ml. of the gel eluate and the total volume adjusted to 2 ml. with | 


water. The reaction mixture was reincubated at 37° for 3 hours 
and the cysteine-dependent disappearance of P-pantothenic 
acid was measured by determining the amount of pantothenic / 
acid which could be liberated by treatment with intestinal — 
phosphatase. Unexpectedly, it was found that only a small — 
amount of P-pantothenate disappeared. Much more disap- 
peared when either 0.2 ml. (5 mg. of protein) of ammonium | 
sulfate fraction I or CTP was added to the reaction mixture, © 
The activating effects of these substances, as well as the relative . 
inactivity of other nucleotides and boiled extract, are shown in 

Table IV. Additional experiments have revealed that, under — 
the conditions given in Table IV, maximal activation can be 

achieved with as little as 0.2 umole of CTP per 2 ml. Since the © 
activating factor in ammonium sulfate fraction I was heat labile — 
and nondialyzable, it was considered likely that it was nucleoside — 
diphosphate kinase which would be required to resynthesize CTP 
as it was being used in the coupling reaction. This likelihood | 
was supported by the finding that the crude extract could be — 
completely inactivated by treatment with Dowex 1 (chloride 
form) and reactivated by the addition of either substrate amounts © 
of CTP or catalytic amounts of CTP together with substrate | 
amounts of ATP. It was established by paper chromatographic 
methods that incubation of CTP and cysteine with the gel 
eluate resulted in the formation of no compound which contained — 
both cytosine and sulfur. Thus it seems likely that CTP func- 

tions in some way in the activation of P-pantothenic acid. The 

coupling enzyme has not yet been purified enough to decide 

whether, during the reaction, orthophosphate or pyrophosphate 

is cleaved from CTP to vield CDP or CMP. 

The results presented in Tables III and IV indicate con- , 
clusively that P-pantothenic acid can be used as substrate for 
the coupling enzyme and that pantothenic acid cannot be used. 

The product formed from P-pantothenic acid and cysteine 
by the purified coupling enzyme was present in such small quanti- 
ties that isolation of enough of it for a chemical analysis was not — 
feasible. However, sufficient evidence was obtained by paper 
chromatographic methods to identify the dephosphorylated ’ 
product as pantothenyleysteine. For this purpose, reaction | 
mixtures were treated with intestinal phosphatase and chromato- 
graphed on paper strips together with an authentic sample of 
pantothenyleystine. The developing solvent consisted of 9 
parts butanol, 5 parts acetic acid, and enough water to saturate. 
Zones of migration were determined by the bioautograph tech- 
nique by using as the assay organism L. helveticus strain 80-PC 
(a mutant strain which will use pantothenyleystine as a growth 
factor (7)). The Rr value (0.57) of the material from the reac- 
tion mixture corresponded with the Rr value (0.59) of authentic 
pantothenyleystine. An additional active compound of Rr 
0.18 was also found and identified as the mixed disulfide of 
pantothenylcysteine and cysteine. 

Sulfur-containing Compounds Serving as Substrate for Coupling 
Enzyme—Of a large number of sulfur-containing compounds 
which were tested, only those listed in Table V were used as 
substrate by the coupling enzyme. Compounds which were 
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ineffective included homocysteine, thioglycollic acid, thiomalic 
acid, glutathione, mercaptoethanol, cysteic acid, and taurine as 
well as such nonsulfur compounds as serine and ethanolamine. 
It can be observed that, on the basis of their equal sulfur content, 
cystine, 6-mercaptoethylamine, the disulfide of the latter com- 
pound, and a-methylcysteine were about 0.05, 0.25, 0.1, and 
0.1 as effective, respectively, as cysteine. As discussed above, 
the product formed when cysteine was used as substrate was 
P-pantothenylcysteine. The small amount of phosphorylated 
pantetheine which was produced (Table V) resulted from the 
presence of a small amount of P-pantothenylcysteine decarboxy]- 
ase in the gel eluate. With 6-mercaptoethylamine as substrate, 
P-pantetheine should be produced directly. The data in Table 
V show this to be the case. The excellent agreement between 
the amount of P-pantothenate which disappeared and the amount 
of P-pantetheine which was formed leaves no doubt about the 
stoichiometry of the reaction. The product formed from a- 
methyl cysteine presumably was N-(P-pantothenyl)-a-methyl 
cysteine. ‘Treatment of this product with P-pantothenylcysteine 
decarboxylase and phosphatase did not yield a product active 
in the pantetheine assay. It can not be said whether or not the 
product was decarboxylated by this treatment. 

Formation of P-pantetheine from P-pantothenylcysteine—The 
results in Table I established that crude extracts were able to 
synthesize phosphorylated pantetheine, but, as mentioned above, 
the purified coupling enzyme (gel eluate) formed P-pantothenyl- 
cysteine as its product. When other protein fractions were 
tested, it was discovered that nearly all of the enzyme which 
decarboxylates P-pantothenylcysteine to P-pantetheine was 
present in the ammonium sulfate fraction II (see Table II for 
a description of this preparation). The product was identified 
as P-pantetheine by demonstrating that pantetheine could be 
formed by treating the reaction mixtures with either intestinal 
phosphatase or the phosphomonoesterase of prostate phos- 
phatase.? 

The results of tests for the presence of P-pantothenylcysteine 
decarboxylase in various other microorganisms are given in 
Table VI. The P-pantothenylcysteine used in these studies was 
synthesized with the purified coupling enzyme. In addition 
to ammonium sulfate fraction II (prepared from extracts of 
P. morganit), extracts of Escherichia coli also appeared to repre- 
sent a good source of the enzyme. Baker’s yeast and extracts of 
Neurospora crassa also possessed some activity, but none could 
be detected in preparations of L. helveticus and L. arabinosis. 
All of these extracts were prepared from cells ruptured in a 
Hughes press. Significantly, neither these enzyme preparations, 
nor the crude extracts of P. morganit, were able to decarboxylate 
pantothenyleystine in the presence or the absence of cysteine 
(added as reducing agent) and/or ATP (Table VI). 

Distribution of Pantothenic Acid Kinase and Coupling Enzyme 
among Microorganisms—Pantothenic acid kinase has been re- 
ported to occur in L. arabinosus (8). We have confirmed this 
report and, in addition, have found this enzyme in extracts of 
E. coli and baker’s yeast as well as in extracts of P. morganit. 
Extracts of E. coli were also found to be rich in the coupling 
enzyme. The F. coli enzyme resembled the P. morganii en- 
zyme in that CTP was demonstrated to be specifically required 
when Dowex 1-treated extracts* were used as a source of enzyme. 


? Kindly supplied by Dr. Gerhard Schmidt. 
_* Dowex treatment was carried out according to the directions 
given by Novelli and Schmetz (17). 
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TABLE V 
Sulfur compounds used as substrates by coupling enzyme 


Reaction mixtures and incubation conditions were as described 
in Table IV. The gel eluate was used as a source of the coupling 
enzyme. 


'P-pantothenate 
| Amount added disappearance | 


P-pan 


Sulfur compound added forme 


umoles 104 


umoles pmoles K 104 
| 0 0 0 
5.0 540 0 
| 7.5 730 180 
| 10.0 830 280 
8-Mercaptoethylamine.... 5.0 140 140 
8-Mercaptoethylamine..._ 10.0 | 268 240 
8-Mercaptoethylamine.... 20.0 | 590 594 
B-Mercaptoethylamine.... 30.0 730 750 
B-Mercaptoethylamine. ... 40.0 | SOO 800 
Disulfide of B-mercapto-— | 

ethylamine............. | 20.0 | 440 
a-Methyleysteine......... 40.0 | 420 
TABLE VI 


Decarborylation of P-pantothenylcysteine 


Reaction mixtures contained: either P-pantothenyleysteine, 
0.015 umole or pantothenvleystine, 0.029 pmole; 0.2 ml. of the indi- 
cated extract in 1 ml. of 0.04 m Tris buffer, pH 7.4. When ATP 
and/or cysteine were added to reaction mixtures containing pan- 
tothenylcystine, 10 wmoles of each were used. 


P-pantetheine* produced from 


Source of Enzyme 
P-pantothenyl- 


cysteine Pantothenylcystinet 


pmoles K 10+ pmoles 104 


Ammonium sulfate II........ 145 | 0 
Extract of B. colé............... | 149 | 0 
Iextract of baker’s yeast....... | 27 | 0 
Extract of Newrospora crassa... . 7 0 
Extract of L. helveticus......... | i) | 0 
Extract of L. arabinosus........ 0 0 


| 
* P-pantetheine was measured indirectly by treating the reae- 
tion mixtures with intestinal phosphatase and assaying for pan- 
tetheine. 
+t The addition of either cysteine or ATP or both to reaction 
mixtures containing pantothenyleystine did not result in the 
formation of any pantetheine or phosphorylated pantetheine. 


No coupling enzyme activity could be detected in extracts of 
baker’s yeast, L. arabinosus, and L. helveticus. 


Mammalian Systems 


The evidence presented above which establishes roles for P- 
pantothenic acid and P-pantothenyleysteine as intermediates in 
CoA biosynthesis by microorganisms led the author to reinvesti- 
gate CoA biosynthesis in mammalian systems. 

Preparation of Extracts of Rat Liver and Rat Kidney—Six 
adult white rats were decapitated and their livers and kidneys 
immediately removed and chilled. An equal weight of 0.02 m 
phosphate buffer, pH 7.0, was added to the pooled organs and 
homogenates were prepared by treatment in a Waring Blendor. 
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Soluble extracts were obtained by centrifuging the homogenates 
at 105,000 x g for 1 hour. The extracts were dialyzed over- 
night against 200 times their volumes of 0.02 m phosphate buffer 
at pH 7.0. 

Metabolism of Pantothenic Acid by Mammalian Extracts— 
The abilities of the liver and kidney extracts to metabolize 
pantothenic acid (see Table VII) suggest that they contained 
enzymes similar to those found in P. morganii, namely, panto- 
thenic acid kinase and a coupling enzyme which catalyzes a 
cysteine-dependent reaction of pantothenate. For the sake of 
convenience, the mammalian enzyme will also be referred to as 
the coupling enzyme, although evidence presented later indicates 
that this enzyme is different in some respects from the bacterial 


TasBLe VII 


Reactions of pantothenic acid catalyzed by dialyzed 
extracts of rat liver and rat kidney 

The complete reaction mixture contained: pantothenic acid, 
0.083 pmole; ATP, 20 uwmoles; ecvsteine, 20 wmoles; MgCl., 10 
umoles; and 0.2 ml. of extract of either rat liver or rat kidney in 
a total volume of 2 ml. of 0.04 mM Tris buffer, pH 7.4. Incubation 
conditions and treatment with intestinal phosphatase were as 
described in Table I. 


} 
Pantothenic acid present 
Metabolized 
~~ pantothenic acid not 
recovered by 
treatment with 
intestinal phosphatase 


Reaction mixture _ After reaction and | 
| treatment with 
(After reaction 
phosphatase 


pmoles 104 


pmoles 104 


| pmoles X 104 


A. Rat liver 


Complete....... 0 0 833 
Omit cysteine... 0 SOO 33 
ATP ...... 833 
B. Rat kidney 
Complete...... 0 300 533 
Omit cysteine... 0 683 150 
833 835 


ATT. ...:. | 


VIII 
Relative amounts of pantothenic acid kinase and coupling enzyme 
present in ammonium sulfate fractions of rat liver extracts 

Reaction mixtures were as described in Table VII except that 
0.4 ml. of the fraction to be tested was used per reaction mixture. 
In those systems in which coupling enzyme activity was to be 
assessed, an excess of pantothenic acid kinase, prepared from 
Proteus morganii, was used in order to make the assay specific 
for the coupling enzyme. ‘The added kinase was entirely free of 
the coupling enzyme. Incubation conditions and treatment 
with intestinal phosphatase were as described in Table I. 


Pantothenic acid metabolized 


Ammonium sulfate fraction* 


Kinase activity Coupling activity 


pmoles X 104 pmoles K 104 


433 | 820 


* The figures in parenthesis represent the per cent saturation 
with ammonium sulfate. 


Metabolism of Pantothenic Acid 


TABLE IX 


Inability of mammalian coupling enzyme to utilize 
pantothenic acid as substrate 


The complete reaction mixture was the same as that described 
in Table VII, except that a source of pantothenic acid kinase 
(purified from P. morganit) was added and ammonium sulfate 
fraction A (see Table VIII) was used in place of the crude extract. 
Incubation conditions and treatment with intestinal phosphatase 
were as described in Table I. 


_ Pantothenic acid metabolized and 
not recovered by intestinal 


Reaction mixture 
phosphatase treatment 


pmoles X 104 


Omit pantothenic acid kirmase....... 0 


coupling enzyme. ‘The relative amounts of the kinase and the 
coupling enzyme present in the two extracts are evident from the 
data given in Table VII. 

Separation of Mammalian Coupling Enzyme from Pantothenic 
Acid Kinase—Preparations of the coupling enzyme were ob- 
tained free of pantothenic acid kinase by fractionation of the 
dialyzed rat liver extract with a saturated solution of ammonium 
sulfate adjusted to pH 7.0. All of the operations were carried 
out at 4°. A 40-ml. portion of extract was used as starting 
material. Each fraction was dissolved in 20 ml. of 0.02 
phosphate buffer, pH 7.0, and dialyzed overnight against the 
same buffer before being tested for enzyme activity. Table 
VIII contains a description of the six fractions which were 
obtained and a summai:y of their abilities to metabolize panto- 
thenic acid. Fractions A and E contained little or no panto- 
thenic acid kinase; however, the two preparations were rich in 
the coupling enzyme. Both enzymes were present in fractions 
B, C, and D. The requirement for a source of pantothenic acid 
kinase in order for fraction A to carry out the cysteine-dependent 
reaction is shown in Table IX. Thus the mammalian coupling 
enzyme resembles the bacterial enzyme in that neither can use 
pantothenic acid as substrate. 

Requirement of Nucleoside Triphosphate for P-pantothenyl- 
cysteine Synthesis—VThe mammalian coupling enzyme was 
different from the bacterial enzyme in that CTP was not specif- 
cally required for the synthesis of P-pantothenyleysteine. 
The data of Table X indicate that all of the nucleoside triphos- 
phates were approximately equally active in the crude mam- 
malian system. The disappearance of P-pantothenate in the 
absence of added nucleoside triphosphate was probably caused 
by residual ATP which was present in the preparation of P- 
pantothenic acid. Only ATP was added at a high enough 
concentration to result in maximal disappearance of P-panto- 
thenate. The relatively large amounts of nucleoside triphos- 
phate required, when compared to the amount of CTP required 
in the bacterial system, might be a result of the presence in the 
enzyme preparation of large amounts of nucleotidases. Alterna- 
tively, the mammalian enzyme might be inherently different 
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from the bacterial enzyme in the amount of nucleoside triphos- 


phate it needs to function. 

Sulfur-containing Compounds Active in Mammalian System— 
Of several compounds which were tested, only those listed in 
Table XI were used as substrate by the mammalian coupling 
enzyme. With the exception of glutathione, these compounds 
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TABLE X 


Nucleoside triphosphate requirement for P-pantothenylcysteine 
synthesis by mammalian coupling enzyme 

Reaction mixtures contained: P-pantothenie acid, 0.075 umole; 
cysteine, 10 MgCl., 10 wmoles; 0.2 ml. of Dowex-treated 
ammonium sulfate fraction A (see Table VILL); and additions as 
shown in a total volume of 2 ml. of 0.04 m Tris buffer, pH 7.4. 
The amount of P-pantothenic acid which disappeared was deter- 
mined by measuring the amount of pantothenic acid which could 
be generated by treatment with intestinal phosphatase. Incu- 
bation conditions were as described in Table I. 


P-pantothenic acid* disappearance 


: | 
Addition to reaction mixture 


pmoles X 104 


*P-pantothenic acid was synthesized enzymatically with a 
Dowex-treated preparation of ammonium sulfate I (see Table II). 


corresponded with those which the bacterial enzyme could use 
(see Table V); however, the two enzymes differed markedly in 
the amounts of substrate required. The concentration of 
cysteine required in the mammalian system was only 0.1 of that 
required in the bacterial system. Based on an equal sulfur 
content, B-mercaptoethylamine, its disulfide, and cystine were 
about 0.1, 0.05, and 0.5 as effective as cysteine, respectively in 
the mammalian system. For comparative purposes, these 
same compounds, given in the same sequence, were 0.25, 0.1, and 
0.05 as effective as cysteine in the bacterial system. The 
activity of glutathione, noted in Table XI, undoubtedly resulted 
from its enzymatic hydrolysis to cysteine. 

The difference in the amounts of pantothenic acid which 
disappeared and the phosphorylated pantetheine which was 
produced in reaction mixtures containing cysteine and a crude 
extract of rat liver (Table XI) suggests that P-pantothenyl- 
cysteine decarboxylase was present in relatively small quantities 
in the extract. With @-mercaptoethylamine as substrate, the 
amount of P-pantetheine produced was about one half the 
amount of pantothenate metabolized (Table XI). This result 
was somewhat surprising since the product of this reaction should 
be P-pantetheine. It should be noted, however, that these 
experiments were done with crude enzyme preparations and, 
therefore, the possibility cannot be discounted that some of the 
P-pantetheine which was formed might have been metabolized 
to a product or products which would not yield pantetheine by 
treatment with intestinal phosphatase. Further purification of 
the mammalian coupling enzyme will be necessary to explain 
this discrepancy. 

Decarboxylation of P-pantothenylcysteine by Liver and Kidney 
Ertracts—The results given in Table XII establish the abilities 
of dialyzed extracts of rat liver and rat kidney to decarboxylate 
P-pantothenyleysteine. The yield of P-pantetheine in this 
reaction was about 35 per cent. This finding supports the 
evidence cited above that the liver extracts contained relatively 
small amounts of P-pantothenyleysteine decarboxylase. It 
should be noted that these same enzyme preparations were 
completely ineffective in producing pantetheine from panto- 


TaBLe XI 
Sulfur compounds used as substrate by mammalian coupling enzyme 


Reaction mixtures were as described in Table VII. Conditions 
of incubation and treatment with intestinal phosphatase are de- 
scribed in Table I. 


phatase treatment® 
| pmoles pmoles X 104 pmoles 104 
re | 0.2 391 | 59 
| 0.3 591 | 60 
Cysteine............. a 600 | 58 
| 0.3 558 | 39 
| 0.5 650 | 40 
8-Mercaptoethyl- | 
OMIMe.............-| 2.0 | 383 | 189 
8-Mercaptoethyl- | | 
4.0 650 308 
Disulfide of 6-mer- | 
captoethvlamine. . 2.0 358 163 
Disulfide of B-mer- | 
captoethylamine. .. 4.0 683 | 363 
a-Methyl evsteine... | 5.0 600 | 
Glutathione (re- | | 


* These values have been corrected for an enzyme blank of 
30 X 10-4 umoles per 2 ml. of reaction mixture. 


TaBLeE XII 


Abilities of rat liver and rat kidney extracts to decarborylate 
P-pantothenylcysteine* and their inabilities to 
decarborylate pantothenylcystine 

Reaction mixtures contained: P-pantothenyleysteine, 0.0165 
umole, or pantothenyleystine, 0.029 umole; cysteine, 10 uwmoles 
(added as reducing agent); and 0.2 ml. of extract in a volume of 
1 ml. of 0.04 m Tris buffer, pH 7.4. Incubation conditions and 
treatment with intestinal phosphatase, where desired, were as 
described in Table I. 


Pantetheine present 


Enzyme and substrate used | 
| After reaction and 
After reaction | treatment with 


intestinal phosphatase 


pmoles 104 pmoles 
A. Rat liver ! | 
P-pantothenyleysteine..... 0 100 
Pantothenyleystine........ | 0 
| 0 | 43 
B. Rat kidney | 
P-pantothenylevsteine..... 0 6S 
Pantothenyleystine........ | 0 | 


| 0 | 15 


* P-pantothenyleysteine was produced with the purified cou- 
pling enzyme of P. morganii. 
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CH; 


ROUTE | 


ATP 
CH, 
CHz-COOH 
CH,OH B-MERCAPTO— 
POH, ETHYLAMINE 
4-PHOSPHOPANTOTHENIC ACID CTP OR 
CYSTEINE 
CTP OR ATP 
COOH 
H 
CH, 
PO,H, 


4~ PHOSPHOPANTOTHENYLCYSTEINE 
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CH;—-C—CH—C— 
OH CH, OH 
PANTOTHENIC ACID 
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ROUTE 2 


cYSTEINE 
™~ 
CH, OOH 
CH>-C—CH—C—N H— 
On CH,OH 
PANTOTHENYLCYSTEINE 


CO, 


SH 


PANTETHEINE 


COENZYME A 


| 
CHz-C— CH— CHz-CHz-SH 
O CH,OH 
03H, 


4~PHOSPHOPANTE THEINE 


Fic. 2. The reactions concerned in the proposed routes for the biosynthesis of CoA. The reaction indicated by a broken arrow is 


the only one shown for which no enzyme has been found. 


thenyleystine, with or without cysteine added as a reducing 
agent. 


DISCUSSION 


The reactions involved in the two proposed routes for CoA 
biosynthesis are given in Fig. 2. The results of the present 
investigations demonstrate conclusively that P. morgan, E. 
coli, and mammalian systems synthesize CoA by way of Route 1 
(Fig. 2). It is considered likely that Route 1 also operates in 
L. arabinosus, yeast and Neurospora crassa since all of these 
organisms contain at least one of the three enzymes necessary 
for the operation of Route 1, and since no pantothenylcysteine 
decarboxylase could be detected in any of them (see Table XIII). 
Other studies which support this conclusion are those which 
show that these three organisms, as well as P. morganii and 
E. coli, synthesize and accumulate P-pantothenic acid when 
large amounts of pantothenate are included in their growth 
media (7, 18). Of the enzymes listed in Table XIII only panto- 


TaBLeE XIII 


Distribution among microorganisms of enzymes concerned 
in metabolism of pantothenic acid 


P-panto- 
: _acid kinase enzyme teine de- “wel 
| carboxylase 
| 
P. morganit.... | + 
| 
L. arabinosus........ | + | 


L. helveticus........ | | | 


thenylcysteine decarboxylase was detected in L. helveticus. 
Also, whole cells of this organism when supplied with large 
amounts of pantothenate were not able to accumulate P-panto- 
thenic acid (18). These facts, together with the additional fact 
that mutant strains of L. helveticus can use pantothenylcysteine as 
a growth factor (7), suggest that this bacterium when forced 
to use pantothenic acid as a growth factor might synthesize its 
CoA by way of Route 2. Acetobacter suboxydans, which can 
also utilize pantothenylcysteine as a growth factor (4, 5), and 
Lactobacillus bulgaricus, which contains pantothenylcysteine 
decarboxylase (7), are other microorganisms which could possibly 
utilize Route 2. However, until the presence of an enzyme 


which synthesizes pantothenyleysteine from pantothenic acid — 


and cysteine can be demonstrated, the question of whether or 
not Route 2 operates in any system cannot be answered un- 
equivocally. 

In 1954, Hoagland and Novelli (8) studied CoA biosynthesis 
in rat liver extracts and reached the conclusion that the probable 
pathway was by Route 2 (Fig. 2). 


This conclusion, which is 


contrary to the one reached in the present publication, was — 
partially based on the ability of their enzyme preparation to — 
form pantetheine from pantothenic acid, cysteine, and ATP. | 


An examination of their analytical methods revealed that P- 
pantetheine would also be active in their assays for pantetheine. 
Since their enzyme preparation, being crude, almost certainly 
contained pantothenic acid kinase, it now seems likely that their 
system was synthesizing P-pantetheine via Route 1 instead of 
pantetheine by way of Route 2. The report by these workers 
that their enzyme preparation would readily decarboxylate 
pantothenylcystine (8) is somewhat harder to reconcile with the 
results of the present investigations. The data of Table XIV 
demonstrate that the combination of pantothenic acid, cysteine, 
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and ATP was tar more effective as a precursor of phosphorylated 
pantetheine than was pantothenylcystine of pantetheine, or of 
phosphorylated pantetheine when ATP was included in the 
reaction mixture. It should be noted that no pantetheine what- 
ever was formed until the concentration of pantothenylcystine 
had been raised to a high level and, even then, the amount of 
pantetheine produced represented a yield of only 0.5 per cent. 
It was also found that no pantothenic acid was formed from 
pantothenylcystine, a finding which eliminates the possibility 
that the almost negligible yields of pantetheine was a result 
of its enzymatic degradation to pantothenic acid. 

Thompson and Bird (19) reported in 1954 that pantothenyl- 
cystine (or pantothenylcysteine) could not replace pantothenic 
acid as a nutritional requirement for chicks and rats under the 
same conditions in which pantethine (or pantetheine) and CoA 
were fully active. This report is consistent with the results of 
the present work. It would now appear that pantothenyl- 
cysteine is a relatively inert compound when fed to animals. 
It can neither be phosphorylated to P-pantothenylcysteine nor 
hydrolyzed to pantothenic acid. Pantothenylcysteine is decar- 
boxylated to pantetheine in such small quantities that this reac- 
tion is of questionable significance. 

In view of the findings of the present publication, the metabolic 
importance of pantetheine must be reassessed. With a few 
possible exceptions (discussed above), pantetheine appears to 
be off the biosynthetic pathway for CoA formation. Its wide- 
spread distribution among natural materials (20, 21) would 
apparently result from the degradation of CoA or P-pantetheine. 
Both of these compounds are readily degraded to pantetheine 
by phosphatases. It is significant that pantetheine is found 
in largest quantities in those materials which have been allowed 
to autolyze (20). However, the destruction of CoA by dephos- 
phorylation to pantetheine does not result in a metabolic cul de 
sac since pantetheine may be converted to P-pantetheine and 
thence to CoA by the action of certain kinases present in micro- 
organisms (11) and animal tissues (9). 

The finding that @-mercaptoethylamine will react, in place 
of cysteine, with P-pantothenic acid to yield P-pantetheine 
directly was somewhat surprising in view of the reports that 
this compound will replace cysteine for CoA synthesis neither in 
rat liver (8) nor in resting cell suspensions of L. arabinosus (3) 
and P. morganit (22). The inactivity of B-mercaptoethylamine 
in the bacterial experiments might have been a result of the 
impermeability of the cells to the compound. On the other 
hand, since this compound is not as effective a substrate as 
cysteine, it might not have been added to the bacterial suspen- 
sions in large enough amounts. The reported inactivity of 
8-mercaptoethylamine in rat liver preparations (8) was almost 
certainly a result of its not being tested in high enough concen- 
trations. 

At present, the function of CTP in the synthesis of P-panto- 
It is possible that it functions 
in the activation of the carboxyl group of P-pantothenic acid 
ina manner similar to the way ATP functions in the activation 
of pantoic acid for the synthesis of pantothenic acid (23). An 
alternate possibility is that CTP reacts with P-pantothenic acid 
to give cytidine diphosphopantothenic acid which might serve 
as the true substrate for the addition of cysteine. In order to 


decide which of these explanations, if either, is correct, the 
coupling enzyme must be purified free of contaminating nucleo- 
tidases. 


. Brown 


TaBLe XIV 


Formation of pantetheine and phosphorylated pantetheine 
by rat liver extracts 
Reaction mixtures contained: cysteine, 20 wmoles; MgCl, 10 
pmoles; 0.2 ml. of dialyzed rat liver extract; and substrates as 
shown in a total volume of 2 ml. of 0.04 m Tris buffer, pH 7.4. 
When pantothenic acid was used as substrate 0.083 umole was 
added. Incubation conditions and treatment with intestinal 
phosphatase were as described in Table I. 


| Pantetheine present 


reaction phosphatase 
treatment 

| umoles moles X 104 pmoles XK 104 
Pantothenic acid................ | 20 | 0 130 
Pantothenylcystine, 0.165 umole. 0 40 
Pantothenyleystine, 0.165 umole. 20 | 0) 38 
Pantothenylcystine, 0.80 umole. _ 0 | 42 96 
Pantothenyleystine, 0.80 wmole.. 20 92 


SUMMARY 


Extracts of Proteus morgani, Escherichia coli, rat liver, and 
rat kidney contained the following three enzymes involved in 
the biosynthesis of coenzyme A: (a) pantothenic acid kinase, 
(b) the enzyme which converts 4’-phosphopantothenic acid and 
cysteine to 4’-phosphopantothenylcysteine (referred to as the 
coupling enzyme), and (c) phosphopantothenylcysteine decar- 
boxylase which catalyzes the formation of 4’-phosphopantetheine. 
Fractionation of extracts of P. morganii and rat liver yielded 
preparations of pantothenic acid kinase and the coupling enzyme 
which were free one from the other. 4’-Phosphopantothenic 
acid, but not pantothenic acid, was used as substrate by both 
the bacterial and mammalian coupling enzymes. Phospho- 
pantothenylcysteine, but not pantothenylcysteine, was decar- 
boxylated by extracts of P. morganii, FE. coli, rat kidney, and 
rat liver. These results led to the conclusion that the major 
pathway of coenzyme A biosynthesis is as follows: pantothenic 
acid — 4’-phosphopantothenic acid — 4’-phosphopantothenyl- 
cysteine — 4’-phosphopantetheine — coenzyme A. 

Sulfur-containing compounds which were used as substrate 
for the bacterial and the mammalian coupling enzymes were: 
cysteine, 8-mercaptoethylamine, the disulfide of the latter 
compound, a-methyl cysteine, and cystine. Of these cysteine 
was much more effective than any of the others. The signifi- 
cance of the activities of the other compounds was discussed. 

Cytidine triphosphate (CTP) was specifically required for the 
reaction catalyzed by the bacterial coupling enzyme. The 
possibility that the function of CTP in this reaction is in the 
activation of the carboxyl group of 4’-phosphopantothenic acid 
was discussed. The mammalian coupling enzyme differed from 
the bacterial enzyme in that it could use any of the other nucleo- 
side triphosphates equally as well as CTP. 
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The distribution of CoA (1), pantetheine (2, 3), and panto- 
thenic acid (4) among a variety of natural materials is well estab- 
lished. However, until now, the relative amounts of these 
compounds present in any one substance has not been deter- 
mined. Also, data on the distribution of P-pantothenic! acid 
and P-pantetheine, both of which are intermediates in the bio- 
synthesis of CoA (5), is rather meager. This lack of information 
can be attributed largely to the absence of accurate methods for 
the determination of any one of the compounds mentioned above 
in the presence of the others. A method suitable for this pur- 
pose has now been developed and is described in the present 
publication. This method depends on the differential enzymatic 
degradation of CoA and P-pantetheine to vield pantetheine and 
the degradation of P-pantothenic acid to pantothenic acid. 
The amounts of each of these products thus produced can then 
be measured separately by the use of specific microbiological 
assays. 

Values obtained with this method show that CoA is the major 
pantothenic acid-containing compound present in microorgan- 
isms and animal tissues. However, small amounts of pante- 
theine and P-pantothenic acid and considerably larger amounts 
of P-pantetheine were also found. 


EXPERIMENTAL 


Pantethine was a gift from Dr. O. D. Bird of Parke, Davis and 
Company. CoA was a product of the Pabst Laboratories and 
was found by them to be 75 per cent pure. Purified intestinal 
phosphatase was obtained from Pentex, Inc. Prostate phos- 
phatase was kindly supplied by Dr. Gerhard Schmidt and con- 
tained 20 units per ml. as determined by the procedure of 
Schmidt et al. (6). CoA pyrophosphatase was prepared from 
the venom of Crotalus adamanteus by the procedure of Novelli 
et al. (7). 

Pantetheine was determined by microbiological assay with 
Lactobacillus helveticus 80 (8). In this assay, pantethine (the 
disulfide) has half the molar activity of pantetheine (9). Panto- 
thenic acid was determined by microbiological assay with 
Saccharomyces carlsbergensis strain 4228 (10). 

Principle—A summary of the activities of pantothenic acid 
and related compounds as growth factors for L. helveticus and 
S. carlsbergensis is given in Table I. Since pantothenic acid is 
the only compound active for S. carlsbergensis, it is evident that 


* This work was supported by National Science Foundation 
grant G1300. 

1The use of the terms P-pantothenic acid, P-pantothenyl- 
cysteine, and P-pantetheine will always mean that the phosphate 
group is attached to the 4’-position of the pantothenic acid 
moiety. 


the pantothenate content of a substance can be determined di- 
rectly by assaying with this microorganism. L. helveticus utilizes 
pantetheine as a growth factor very effectively; pantothenate 
and P-pantetheine are utilized only if they are supplied in much 
larger amounts. In practice, it has been found that amounts of 
pantothenate up to 2 x 10-* uwmoles or P-panthetheine up to 
10-2 umoles per 10 ml. of growth medium do not interfere with 
the growth response to pantetheine. Therefore, if pantothenate 
and P-pantetheine are present in low enough amounts, the pante- 
theine content of a substance can be accurately determined. 

A list of the products formed by treatment of various com- 
pounds with prostate phosphatase, intestinal phosphatase, and 
CoA pyrophosphatase is given in Table II. On the basis of 
these facts a method was devised for determining the amounts 
of pantetheine, P-pantetheine, CoA + dephospho-CoA, panto- 
thenic acid, and P-pantothenic acid which might be present in 
an extract of a substance. A summary of the operation of this 
method is given in Table III. The only compounds listed which 
cannot be distinguished one from the other are CoA and dephos- 
pho-CoA. The reliability of the method outlined in Table III 
is shown by the results in Table IV. Treatment of CoA with 
either prostate phosphatase or CoA pyrophosphatase liberated 
no pantetheine. However, treatment with the pyrophosphatase 
(to give P-pantetheine), followed by treatment with prostate 
phosphatase, yielded an amount of pantetheine which was 95 
per cent of the theoretical amount. Finally, intestinal phospha- 
tase liberated the theoretical amount of pantetheine from CoA. 
In separate experiments, in which a known amount of pante- 
theine was incubated with each of the reaction mixtures described 
above, 100 per cent of the added pantetheine was recovered. 

Treatment with Phosphatases—Reactions were carried out in a 
total volume of 2 ml. Either 2 units of prostate phosphatase or 
2 mg. of purified intestinal phosphatase were used per reaction 
mixture. For treatment with prostate phosphatase, incubation 
was for 1 hour at 37° in 0.05 m acetate buffer at pH 5.2. For 
treatment with intestinal phosphatase, incubation was for 3 
hours at 37° in 0.05 m sodium bicarbonate buffer at pH 8.5. 
It is important not to use tris(hydroxymethyl)aminomethane 
buffer in the latter treatment because this substance is toxic for 
L. helveticus, the organism which was used for the determination 
of pantetheine. 

In order to achieve quantitative conversion of substrate to 
product, an amount of material which contained no more than 
0.05 umole of substrate was used per reaction mixture, whether 
incubated with prostate phosphatase or intestinal phosphatase. 

Preparation of Materials to be Assayed—Two-liter amounts of 
each species of bacteria to be assayed were grown at pH 7.0 
on a medium consisting of amounts of the following components 
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TABLE I[ 


Abilities of pantothenic acid and related compounds to serve as 
growth factors for L. helveticus and S. carlsbergensis 


Organism tested against: 
Compound 
L. helveticus |S. carlsbergensis 


* Pantothenic acid and P-pantetheine are active for L. helve- 
ticus only if present in relatively high concentrations. 


II 


Products formed from CoA and related compounds by 
treatment with phosphatases 


| 


Treatment 
Substrate | 
| Prostate Intestinal CoA pyro- 
| phosphatase phosphatase phosphatase 
|Dephospho-CoA Pantetheine P-pante- 
| | theine 
P-pantetheine.... Pantetheine Pantetheine 
Dephospho-CoA.. Pantetheine P-pante- 
| | theine 


P-pantothenic | 
Pantothenic acid | Pantothenic 


acid 


TABLE III 


Method used for determination of pantothenic acid 
and related compounds 


The amount of each component present in the original extract 
is determined as follows: pantetheine determined by Step A = 
pantetheine content of the extract; pantetheine determined by 
Step B minus that determined by Step A = P-pantetheine con- 
tent of the extract; pantetheine determined by Step C minus 
that determined by Step B = CoA plus dephospho-CoA content 
of the extract; pantothenic acid determined by Step D = panto- 
thenic acid content of the extract; pantothenic acid determined 
by Step E minus that determined by Step D = P-pantothenic 
acid content of the extract. 


Step ie gga Assay organism | Compounds determined 
A | None L. helveticus | Pantetheine 
B | Prostate phospha- | L. helveticus Pantetheine + P- 
tase pantetheine 
CG Intestinal phospha- | L. helveticus | Pantetheine + P- 
tase pantetheine + 
CoA + dephos- 
pho-CoA 
None S. carlsberg-| Pantothenic acid 
ensis 
Prostate phospha- | S. carlsberg-- Pantothenic acid + 
tase or intestinal ensis P-pantothenic 
phosphatase acid 
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TaB_LeE IV 
Reliability of assay method outlined in Table IIT 
Treatment of CoA P 

pmoles X 10? pmoles 
Prostate phosphatase................... i 3s 0.01 
Pyrophosphatase....................... 0 
Pyrophosphatase + prostate phospha- | 

Intestinal phosphatase.................. 1.99 


expressed in grams per liter: glucose, 10; sodium acetate, 10; 
Basamin Busch yeast extract, 10; Naz2HPO,, 1.7; KCl, 3.0; and 
MgSO,, 0.2. The medium of Atkin et al. (10) supplemented 
with 100 ug. per liter of pantothenic acid was used for S. carls- 
bergensis. Aerobic organisms were grown in Erlenmeyer flasks 
on a rotary shaker. Each organism was incubated either at 30° 
or 37°, depending on which temperature corresponded more 
closely to its optimum. After incubating for 18 to 24 hours, the 
cells were harvested in a refrigerated centrifuge, washed twice 
with cold saline, and suspended in a small amount of water. 
This cell suspension was immediately poured into 15 times its 
volume of cold acetone. After the cells had coagulated, they 
were filtered, washed with cold ether, and allowed to dry to form 
a powder. 

Acetone powders of animal tissues were prepared as follows. 
The animals (rats or pigeons) were decapitated and exsangui- 
nated. The livers and kidneys of the rats and the livers of the 
pigeons were quickly removed and immediately packed in ice. 
The tissue was then cut into small pieces and homogenized in a 
Waring Blendor with about 20 times its weight of cold acetone. 
The homogenate was filtered and the solid material washed with 
cold ether and allowed to dry. Only 15 minutes were allowed 
to elapse from the time of removal of the organs from the animals 
until the acetone powder was almost dry. During this time the 
tissue was always kept at 4° or lower to minimize autolysis. 

Extracts were made by treating a 500-mg. sample of each ace- 
tone powder with three successive 10-ml. portions of hot water. 
Each extraction was allowed to proceed for 15 minutes in a boiling 
water bath. The insoluble material was removed by centrifuga- 
tion after each treatment. Separate experiments have shown 
that three such extractions are sufficient to remove all of the 
pantothenic acid-containing compounds. The values reported 
below for each material are sums of the amounts of the various 
compounds found in the three extracts. 

Results—The amounts of pantothenic acid and related com- 
pounds which were present in the various acetone powders are 
shown in Table V. Most of the microorganisms which were 
tested contained only small amounts of free pantothenic acid 
and, with two exceptions, no P-pantothenic acid. However, 
the animal tissues contained substantial amounts of these com- 
pounds. Microorganisms as well as animal tissues contained 
relatively small amounts of pantetheine, somewhat greater 
amounts of P-pantetheine, and relatively large amounts of CoA? 
With one exception, CoA was the major pantothenic acid-con- 
taining compound present in the acetone powders. This excep- 


? In the remainder of the text the term ‘‘CoA”’ will be used to 
refer to the CoA plus dephospho-CoA content of a material in 
order to facilitate discussion of the results. 
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tion was rat kidney in which P-pantetheine was present in 
amounts somewhat greater than was CoA. However, in several 
of the other materials the P-pantetheine content was from 10 
to 25 per cent that of CoA. 

Cells of several of the species of bacteria listed in Table V 
were dried in a vacuum and extracts were made as before. All 
of these extracts contained somewhat less CoA and P-pante- 
theine and a correspondingly greater amount of pantothenic 
acid and pantetheine than did the extracts of the same bacteria 
prepared from acetone powders. This difference probably re- 
sulted from autolysis of the cells during the drying process. The 
values obtained from acetone powders therefore are considered 
more nearly to represent the true values found in the living cells. 

Included among the materials which were assayed for CoA by 
Kaplan and Lipmann (1), in 1948, were dried cells of four of the 
microorganisms listed in Table V. Their values for the amounts 
of CoA contained in Lactobacillus arabinosus and Lactobacillus 
delbrueckit agree fairly well with those reported in the present 
publication. However, their values for Escherichia coli and Pro- 
teus morganii are about 10 times higher than the present values. 
It was thought that these apparent discrepancies might arise as a 
result of differences in the amounts of pantothenic acid which 
were present in the media in which these bacteria were grown. 
To check this possibility, four different species (L. arabinosus, 
L. helveticus, E. coli, and P. morganii) were grown in a medium 
which differed from that described earlier in this publication 
only in that it contained 20 ug. per ml. of added calcium panto- 
thenate. Extracts were prepared and assays were made as be- 
fore. The results are summarized in Table VI and should be 
compared with those in Table V. The CoA content of L. arab- 
inosus and L. helveticus increased only slightly, whereas, on the 
other hand, the CoA present in E. coli increased by 9-fold. Any 
possible increase in the amount of CoA in P. morganit could not 
be measured accurately because of the very large amounts of 
pantothenate found in the cells. In view of these results it seems 
reasonable to assume that the differences in the reported CoA 
content of E. colt are due to differences in the pantothenic acid 
content of the medium in which the culture was grown. 

Growing these bacteria in the medium rich in pantothenate 
also resulted, in some instances, in differences in the cell content 
of other pantothenic acid-containing compounds (see Table VI). 
Only L. helveticus contained an increased amount of pantetheine. 
Larger amounts of pantothenic acid were noted in L. helveticus 
and E. coli. The P-pantothenic acid values for L. arabinosus 
and E. coli increased from nil to relatively significant quantities. 
A sharp increase in the content of P-pantetheine was evident in 
all three of the species. 


DISCUSSION 


By the use of methods described in this publication, it has 
been possible to show that significant amounts of bound forms 
of pantothenic acid other than CoA exist in microorganisms and 
animal tissues. Novelli et al. (11) concluded, in 1949, that all 
of the bound pantothenate present in animal tissues and micro- 
organisms can be accounted for as CoA. The CoA assay which 
these workers used was based on the ability of extracts of pigeon 
liver to acetylate sulfanilamide in the presence of acetate, ATP, 
and CoA. Similar extracts have since been shown to be active 
in catalyzing the synthesis of CoA from ATP and pantetheine 
or from ATP and P-pantetheine (12, 13, 7). Thus, pantetheine 
and P-pantetheine wou!d be expected to appear as CoA in the 
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TABLE V 


Amounts of pantothenic acid and related compounds 
present tn acetone powders of various materials 


Compound analyzed® for: 
Source of acetone powder Pants- \P-nente- Dephos- 
thenic | thenic | ‘heine | theine |PRO-COA 
Lactobacillus bulgaricus..... 97.1; 67.7 | 68.4 | 121 947 
Lactobacillus delbrueckii.... <1 0 1.9 5.5 91.5 
Lactobacillus acidophilus... <1 0 8.2 184 853 
Lactobacillus arabinosus.... <1 0 8.7 41.9! 309 
Lactobacillus fermenti...... <1 0 4.0 0.7 86 
Lactobacillus helveticus....| <1 0 5.7 1.8 38 
Lactobacillus caset......... <1 0 6.6 31.0) 270 
Microbacterium flavum.....| 45.6 7.2} 1.2; 34.1 | 1082 
Microbacterium lacticum...| 10.4 0 1.3; 4.9] 320 
Bacillus megaterium....... 36.7 i<i | 
Streptococcus faecalis...... <1 0 4.9) 438 
Escherichia coli........... <1 0 14.7. 14.7) 100 
Salmonella typhimurium... 49.1 0 71.7 41.3 1387 
Micrococcus lysodeikticus.... 14.7 0 28.4 52.5) 517 
Staphylococcus aureus..... 28.1 0 (104 31.0 | 1129 
Agrobacterium tumefaciens. <1 0 25.4 56.0) 225 
Proteus morganit.......... <1 0 1.0 2.6 39 
Saccharomyces carlsbergen- 

36.5 108 6.8 | 148 1003 
ae | 202 119 13.3 | 375 309 
60.1) 71.0) 2.1) 69.1 616 


* Values are expressed in mumoles per gm. of acetone powder. 


TaBLe VI 
Amounts of pantothenic acid and related compounds present in 
bacterial cells grown in medium containing high 
concentration of pantothenic acid 


Compound anayzed® for: 


Source of acetone powder | Dephos- 
| Pante- | P-pante- 
| theine theine | PRO 
Lactobacillus arabinosus.. <1 25.2 | 10.5 176 312 
Lactobacillus helveticus... 83.2 0 | 41.4 50.1 58.5 
Escherichia coli.......... 180 | 60.0 | 18.2! 42.9 922 


* Values are expressed in mumoles per gram of acetone powder. 


assay system used by Novelli et al. (11) and would lead to the 
conclusion that only CoA was present. 

It is not surprising that pantetheine and P-pantetheine can 
be found in natural products since the latter compound is a recog- 
nized intermediate in the biosynthesis of CoA (5) and pante- 
theine is a degradation product of CoA (14). The presence of 
P-pantothenic acid in rat and pigeon tissues and in microorgan- 
isms grown in a medium rich in pantothenate supports the con- 
clusion that this compound is an intermediate in CoA biogenesis 
(5). Other intermediates which have been proposed are panto- 
thenylcysteine (15) and P-pantothenylcysteine (5). No ac- 
curate way has yet been developed to measure the amounts of 
these compounds which might be present in tissues. 

CoA and dephospho-CoA cannot be distinguished one from 
the other by the methods described in the present publication. 
The only published information regarding the relative amounts 
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of these two compounds present in a material appeared in a re- 
port by Lynen et al. (16) who found that yeast contains about 30 
per cent as much S-acetyl dephospho-CoA as S-acetyl-CoA. 
It seems likely that other organisms might also contain significant 
quantities of dephospho-CoA since this compound is known to 
be an intermediate in CoA biosynthesis (17) and is also the prod- 
uct of degradation of CoA by phosphomonoesterases. 

The presence of substantial amounts of pantetheine and P- 
pantetheine in some micoorganisms and also in animal tissues 
raises the question of possible functions of these compounds other 
than their function as substrates for CoA synthesis. Reports 
by Lynen et al. (16), Stern (18), and Stern and Ochoa (19) indi- 
cate that many of the carboxylic acids which react in the “fatty 
acid cycle” may be activated by forming thioesters not only with 
CoA but also with pantetheine, P-pantetheine, and dephospho- 
CoA. Brown (20) found that an enzyme purified from L. hel- 
veticus can catalyze the acetylation of pantetheine by acetyl 
phosphate without the intermediate formation of acetyl-CoA. 
These reports, and the results reported in the present publication 
on their ubiquitous occurrence, suggest the possibility that pante- 
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theine or P-pantetheine may be used as coenzymes in certain 
reactions. As yet, no acetyl acceptor specific for acetyl pante- 
theine or acety] P-pantetheine has been discovered, but the pos- 
sible existence of such acceptors cannot yet be discounted. 


SUMMARY 


A method was devised by which it is possible to determine ac- 
curately the amounts of each of the following compounds present 
in any one material: pantothenic acid, phosphopantothenic acid, 
pantetheine, phosphopantetheine, and coenzyme A. By appli- 
cation of this method it was found that coenzyme A is the major 
pantothenic acid-containing compound in animals and micro- 
organisms, although other bound forms of pantothenic acid were 
present in amounts which in some materials reached substantial 
proportions. The significance of these findings is discussed. 


Acknowledgment—The author wishes to express his thanks to 
Miss Anne Koch for technical assistance during these investiga- 
tions. 
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Reversible Metabolic Swelling of Bacterial Protoplasts** 
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In a previous communication (1) it was reported that the 
cell walls of Streptococcus fecalis (ATCC 9790) were susceptible 
to digestion by lysozyme. This finding subsequently allowed 
the preparation of protoplasts from these organisms by treat- 
ment of whole cells with lysozyme and the use of high concentra- 
tions of sucrose as the impermeant! substance necessary for 
osmotic stabilization. Further investigations led to the ob- 
servation that addition of relatively small amounts of glucose to 
suspensions of these protoplasts produces a reversible swelling 
as indicated by a marked progressive fall in turbidity which 
eventually reverses spontaneously and returns to its initial 
value. It is to be noted that the reversible swelling in this case 
is not elicited by deliberate changes in extracellular osmotic 
pressure as described for Bacillus megaterium protoplasts (2) 
(or other osmotically sensitive bodies), but rather by a concentra- 
tion of metabolite which does not contribute significantly to the 
extracellular osmotic pressure, hence the term ‘“‘reversible 
metabolic swelling.”” This paper reports a study of the phe- 
nomenon of reversible swelling particularly with regard to the 
roles of glycolysis and specific cations. 


EXPERIMENTAL 


Methods 


Preparation of Stock Suspension of Whole Cells—400 ml. con- 
taining 1.0 per cent glucose, 1.0 per cent tryptone (Difco), 0.5 
per cent yeast extract (Difco), and 1.0 per cent K,HPO, were 
inoculated with S. fecalis ATCC 9790 and grown at 38° for 
about 18 hours at which time they were well into the stationary 
phase. (Cells taken during the growth phase did not yield 
stable protoplasts.) The cells were harvested by centrifugation, 
washed three times with cold double-distilled HO, one time with 
0.075 m potassium phosphate, pH 6.2, and finally suspended in 
24 ml. of the same buffer. The 0.075 m potassium phosphate 
buffer used here and in the procedures which follow was prepared 
by addition of HCl to K2:HPQ,, and is therefore 0.15 m with 
respect to Kt. | 

Preparation of Protoplast Suspension—With some modifica- 
tions the method for the preparation of S. fecalis protoplasts 
follows that described by Weibull (3) for the preparation of B. 
megaterium protoplasts. The stock suspension of whole cells 
(or an appropriate fraction thereof) was centrifuged, and the 
organisms were resuspended in 5 volumes of 0.075 m potassium 
phosphate, pH 6.2-0.4 m sucrose. Crystalline lysozyme (Worth- 


* Supported by a grant from the American Cancer Society. 
+ A preliminary report of this work has been presented before 
the American Society of Biological Chemists, Philadelphia, 
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1 For definition see ‘‘Results.”’ 


ington Biochemicals) was then added at a concentration of 180 
ug. per ml. and the mixture was incubated at 38°. The con- 
version to protoplasts was complete in about 100 minutes as 
judged by the fall in turbidity which leveled off at approximately 
80 per cent of its initial value. The protoplasts were then 
centrifuged at 5000 x g and resuspended (by repeated extrusion 
through a narrow bore pipette) in the same volume of 0.075 
M potassium phosphate, pH 7.2-0.4 m sucrose. The suspension 
contained 3 to 5 mg. (dry weight) of protoplasts per ml. These 
protoplasts exhibited the typical response to dilution with H.O, 
namely, a marked swelling followed by lysis (3). The proto- 
plast suspension contained less than 0.1 per cent of viable cells 
measured by standard plating technique and, as seen under the 
microscope, consisted essentially of isolated spherical bodies. 

Analytical Methods—Glucose was determined by the method 
of Somogyi (4). Lactic acid was determined by the method of 
Barker and Summerson (5). 

The concentration of extracellular ultraviolet-absorbing sub- 
stances was determined in a Beckman spectrophotometer at 
260 my (Ao) in a l-em. cuvette with the use of an appropriately 
diluted sample from the supernatant fluid after centrifugation. 

Measurement of Reversible Swelling—The time course of 
swelling and its reversal was followed by measurements of 
turbidity (absorbance = 
every 5 minutes, in a Klett photometer with 660-my filter. 
The reversible turbidity changes were correlated with reversible 
swelling by direct observation with the phase microscope and 
by examination of photomicrographs. Turbidity changes, with- 
out lysis, have been used extensively to follow swelling of a 
variety of cells and subcellular entities (6-8). In the present 
instance the number of protoplasts during reversible swelling 
remained essentially constant, as indicated both by the return 
of the turbidity to its initial value and by direct count in a 
Petroff-Hauser counting chamber. Furthermore, during re- 
versible swelling there was no increase in the concentration of 
ultraviolet-absorbing substances in the extracellular fluid over 
that observed in controls, and there was no evidence of ag- 
gregation. 

It should be recognized that the turbidity changes are also a 
function of the changes in relative refractive index which in this 
instance are concomitant with swelling and its reversal (7, 9). 

Technique of Experiments—5-ml. portions of the protoplast 
preparation were distributed in Klett photometer tubes and 
equilibrated in a constant temperature bath at 38°. Additions, 
if any, were made with small volumes, usually 0.1 ml. A 
sufficient number of turbidity readings was taken so as to allow 
the construction of a continuous curve through the experimental 
points. 


at intervals of time, usually 
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384 


RESULTS 


Reversible Swelling and Glycolysis—The reversible swelling of 
a suspension of protoplasts on the addition of glucose and its 
relation to the rate of disappearance of glucose are shown in 
Fig. 1. It can be seen that the swelling phase, 7.e. the decrease 
in turbidity, paralleled the rate of disappearance of glucose, and 
furthermore that the reversal of swelling began upon the com- 
pletion of glucose disappearance. Measurement of lactic acid 
accumulation at the time of complete glucose disappearance (30 
minutes) showed stoichiometric formation from glucose (50 
pwmoles of glucose added; 97 uwmoles of lactic acid recovered). 
There was no change in this stoichiometric concentration of 
lactic acid 30 minutes later. The direct addition of the same 
amount of lactic acid to a protoplast suspension, with its re- 
sultant lowering of the pH by 0.4 unit, produced no change in 
turbidity. 

A second addition of glucose caused an almost identical 
repetition of reversible swelling, as shown in Fig. 2, and a third 
addition of glucose produced essentially the same reaction. The 
drop in pH following each increment of glucose was apparently 
without consequence with respect to the reversible swelling 
response. 

These results indicate that the swelling phase is dependent on 
glycolysis and that the recovery phase ensues subsequent to 
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Fic. 1. Reversible swelling of protoplasts and glucose utiliza- 
I 
tion (turbidity = logio t) Curve 1, turbidity change with no 


glucose added; Curve 2 turbidity changes when 0.01 m glucose is 
added at zero time; Curve 3 disappearance of glucose (initial con- 
centration taken as 100). 
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Fig. 2. Repeated additions of glucose and reversible metabolic 


Curve 1, 0.01 m 


glucose added at zero time and again at 150 minutes; Curve 2, 
control with no glucose. 
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the complete conversion of the glucose to lactic acid. Further- 
more, it is evident that the system involved in reversible meta- 
bolic swelling remains intact after each cycle. 

It is of interest that of a number of substrates tested in place 
of glucose only the sugars closely related to glucose were ef- 
fective (Table [). 

Reversible Swelling and Initial Glucose Concentratton—As 
shown in Fig. 3, the duration of swelling of protoplasts is pro- 
portional to the initial glucose concentration. However, when 
the initial glucose concentration was as high as 0.04 m the 


TABLE I 


Specificity of substrate for elicitation of metabolic swelling 
of Streptococcus fecalis protoplasts 


Turbidity (per cent of 
Substrate (0.01 m) control at time of 
maximal swelling) 
81 
Glucose 6-phosphate........................ 100 
Glucose 100 
Hexose diphosphate......................... 100 
100 


* Showed a lag period of about 10 minutes. 
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Fic. 3. Effect of initial concentration of glucose on reversible 
metabolic swelling (concentration of sucrose, 0.4 mM) (turbidity = 


logio *) Curve 1, no glucose; Curve 2, 0.002 m glucose; Curve 3, 


0.004 m glucose; Curve 4, 0.01 m glucose; Curve 5, 0.02 m glucose: 
Curve 6, 0.04 m glucose. 
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TaBLeE II 


relations of sucrose concentration and initial glucose concentration 
to metabolic lysis* of Streptococcus fecalis protoplasts 


_——— 


Concentration of 
Sucrose Initial glucose Reversal of extracellular ultra- 
concentration concentration swelling violet-absorbing 
substances (A260) 
M M 
0.3 none 4.7 
0.01 yes 4.8 
0.02 no 8.6 
0.04 no 8.3 
0.4 none 3.2 
0.01 yes 3.2 
0.02 yes 3.3 
0.04 no 6.0 
0.5 none | 3.4 
0.01 | yes 3.0 
0.02 | yes 2.5 
0.04 | yes 2.4 


— 


* No reversal of swelling together with an increase of A209 over 
that observed in the control without glucose are indicators of 


lysis. 


swelling was irreversible (Fig. 3). Phase microscope examina- 
tion of the suspension to which 0.04 m glucose had been added 
showed swelling to an extreme degree attended by considerable 
lysis, as indicated by the presence of many protoplast “ghosts.” 
Furthermore, spectrophotometric analysis revealed a large in- 
crease in the concentration of extracellular ultraviolet-absorbing 
substances at 260 mu. 

Further investigation of the metabolic lysis phenomena re- 
vealed that the initial concentration of glucose which will lead 
to disintegration of the protoplasts is dependent on the sucrose 
concentration. These relations are shown in Table II. Thus, 
in the presence of 0.3 m sucrose, lysis may be elicited by 0.02 
M glucose, but in the presence of 0.5 m sucrose even 0.04 m glu- 
cose failed to disrupt the protoplasts. 

Effect of Fluoride and p-Chloromercuribenzoate on Reversible 
Metabolic Swelling—The effect of fluoride and p-chloromercuri- 
benzoate on each of the two phases of reversible metabolic 
swelling was tested by adding these substances at zero time 
and at the beginning of the reversal of swelling. The results of 
the experiment with fluoride are shown in Fig. 4. It can be 
seen that both phases of reversible metabolic swelling were 
inhibited by fluoride (Curves 2 and 3, Fig. 4). However, the 
reversal phase was much more sensitive to fluoride than was 
the swelling phase. Thus, the swelling phase was only partially 
inhibited by 0.01 m fluoride, whereas the reversal of swelling 
was inhibited completely by 0.002 m fluoride. With regard to 
p-chloromercuribenzoate, a 0.002 m concentration inhibited 
completely both the swelling phase and reversal of swelling. 
These results indicate that both the swelling and reversal of 
swelling are dependent on the metabolic activities of the proto- 
plast. 

Metabolic Lysis of Intact Resting Cells—It was of interest to 
determine the response of intact cells to the addition of glucose 
under the same conditions used to produce reversible swelling 
of protoplasts. For this purpose a suspension of intact cells 
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Fic. 4. Effect of fluoride on reversible metabolic swelling 
I 
(turbidity = logio 2) . Curve 1, 0.01 m glucose, no fluoride; 


Curve 2, 0.01 m glucose + 0.01 m fluoride added at zero time; 
Curve 3, 0.01 m glucose + 0.002 m fluoride added at 30 minutes; 
Curve 4, no glucose and 0.01 m fluoride added at zero time. 
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Fig. 5. Metabolic lysis of intact cells compared to reversible 


metabolic swelling of protoplasts (turbidity = logiw =) Curve 


1, intact cells suspended in 0.075 mM potassium phosphate, pH 7.2-0.4 
M sucrose + 0.01 m glucose at zero time; Curve 2, same as Curve 1, 
except no glucose added; Curve 3, same as Curve 1, except no su- 
crose added: Curve 4, protoplasts suspended in 0.075 mM potassium 
phosphate, pH 7.2-0.4 m sucrose, + 0.01 m glucose at zero time. 


was prepared in the same manner as described for protoplasts 
(see ‘““Methods”’) except that lysozyme was omitted. 

As shown in Fig. 5, the addition of glucose to intact cells in 
0.075 m potassium phosphate, pH 7.2-0.4 m sucrose resulted in 
a fall of turbidity which, unlike the protoplasts, did not reverse. 
The irreversible fall in turbidity of intact cells was attended by 
the appearance of numerous “ghosts,” and furthermore, there 
was a 2.2-fold increase in the concentration of extracellular 
ultraviolet-absorbing material (A 2%) over that observed in the 
control with glucose omitted. Similar experiments with intact 
Escherichia coli showed the same reaction of metabolic lysis. 
The metabolic lysis of intact S. fecalis cells was quite variable 
in its magnitude from one cell preparation to another, in sharp 
contrast to the uniform reversible swelling response of proto- 
plasts. 

Of further interest was the finding that if sucrose is omitted 
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Fic. 6a. The effect of different ‘‘impermeant’’ sugars on re- 
versible metabolic swelling of protoplasts. 0.01 m glucose added 


I 
at zero time (turbidity = login 2) . Curve 1, 04 M sucrose; 


Curve 2, 0.4 m lactose; Curve 3, 0/4 Mm maltose; Curves 4, 5, and 6, 
corresponding controls with no glucose added. 
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Fic. 6b. The effect of different ‘‘impermeant’’ sugars on re- 
versible metabolic swelling of protoplasts. 0.01 m glucose added 
at 50 minutes. Broken line signifies further incubation for 16 


I 
hours (turbidity = logio F . Curve 1, 04 mM sucrose; Curve 2, 


0.4 m melibiose; Curve 3, 0.4 m cellobiose; Curve 4, 0.4 M raffinose. 
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MINUTES 
Fic. 7. Effect of substitution of Na* for K* in the preparation 
of protoplasts on reversible metabolic swelling (see text for mean- 


ing of designations). 0.01 m glucose added at zero time (tur- 
bidity = log 7 Curve 1, K-K; Curve 2, Na-K; Curve 3, K-Na; 


Curve 4, Na-Na. 
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from the suspension of intact S. fecalis cells, no fall in turbidity 
is elicited by the addition of glucose (Fig. 5). Since the sucrose 
seemed to be an essential factor in the metabolic lysis of intact 
cells, it appeared likely that the sucrose also played a role in 
the reversible metabolic swelling of protoplasts. Additional and 
more direct evidence for the involvement of the impermeant 
sugar in reversible metabolic swelling of protoplasts is de- 
scribed in the next section. 

Reversible Metabolic Swelling of Protoplasts in Presence of 
Impermeant Sugars other than Sucrose—An impermeant sub- 
stance for our purposes is one which can be used for osmotic 
stabilization of protoplasts as indicated by constancy of turbidity 
with time. Some sugars, other than sucrose, which were im- 
permeant by this criterion were maltose, lactose, cellobiose, 
melibiose, and raffinose. The addition of glucose to protoplasts 
prepared with 0.4 m concentration of these sugars instigated a 
variety of responses in the kinetics of swelling and reversal 
of swelling, as shown in Figs. 6a and b. Since the kinetics of 
the process was dependent on the nature of the impermeant 
sugar, the inference is clear that the impermeant sugar has a 
role in reversible metabolic swelling of protoplasts. 

Relations of Reversible Metabolic Swelling to K+ and Na*— 
The method of preparing protoplast suspensions in these ex- 
periments involved incubation with lysozyme in 0.075 m_ po- 
tassium phosphate, pH 6.2-0.4 m sucrose, followed by resus- 
pension in 0.075 mM potassium phosphate, pH 7.2-0.4 m sucrose 
(see ““Methods’’). For the sake of brevity these will be desig- 
nated K-K protoplasts. By appropriate equivalent substitution 
of Na* for K*, Na-Na, Na-K, and K-Na protoplasts were 
similarly prepared. The results of adding glucose to each of 
these protoplast preparations are shown in Fig. 7. The Na-Na 
protoplasts failed completely to undergo the swelling reaction, 
whereas the other preparations swelled reversibly. However, 
the substitution of Na* for K+ did not reduce the rate of gly- 
colvsis. In all preparations the formation of stoichiometric 
amounts of lactic acid was complete in 30 minutes. 

It appeared from these experiments that glycolysis, although 
necessary, was not sufficient to produce swelling and that there 
was also a requirement for K+. This possibility was tested by 
adding KCI? at various concentration levels to Na-Na_ proto- 
plasts in the presence of glucose. As shown in Fig. 8, the rate of 
swelling of Na-Na protoplasts was dependent on the K+ con- 
centration, and a “saturation” level was reached at approxi- 
mately 0.01 m K*. The addition of K* alone or glucose alone 
to Na-Na protoplast produced no turbidity change. Further- 
more, if K* was added 30 minutes after the addition of glucose, 
when the latter compound had been converted to lactate, no 
turbidity change took place. Therefore glycolysis in the presence 
of K* is a necessary condition for swelling. In this connection 
it should be pointed out that protoplasts prepared in a K* 
medium and resuspended in a Na+ medium (K-Na protoplasts) 
underwent metabolic swelling at a maximal rate (Fig. 7, Curve 3) 
despite the fact that the experimental medium contained no 
added K*. This finding suggests that the K-Na protoplasts 
still contain enough of their intracellular K+ for a maximal rate 
of swelling, in contrast to the Na-Na protoplasts which are 
both prepared and incubated in a K*+-free medium and give no 
swelling unless exogenous K* is added. 

2 Chloride ions have no discernible effect on this system. With 


regard to phosphate, the swelling reaction can proceed without its 
addition to the medium. 
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TURBIDITY 


50 
MINUTES 


Fic. 8. Dependence of metabolic swelling of Na-Na protoplasts 
(see text) on K* concentration. 0.01 m glucose added at zero 


I 
time (turbidity = logio *) . Curve 1, no K* added; Curve 2, 


0.0005 m K*; Curve 3, 0.001 m Kv; Curve 4, 0.002 Mm K*; Curve 5, 
0.005 Mm K*; Curve 6, 0.01 


Specificity of Monovalent Cations for Reversible Metabolic 
Swelling—With the use of protoplasts prepared and resuspended 
in a Na+ medium (Na-Na protoplasts) as the test system, a 
number of monovalent cations was examined for the capacity 
to replace K+ in the swelling reaction. As shown in Fig. 9, 
K* was the most active ion, Rb* was very nearly as active, and 
Cs* was slightly active, whereas Lit and Na+ were inert. NH,* 
(0.01 mM) and tris(hydroxymethyl)aminomethanet (0.01 m) were 
also tested and found to be inert. 

Sodium-Potassium Antagonism—The possibility that Na* 
might inhibit the activity of K* in the reversible metabolic 
swelling reaction of S. fecalis protoplasts was investigated next. 
For this purpose protoplasts were prepared with the use of 
tris(hydroxymethyl)aminomethane phosphate instead of po- 
tassium phosphate buffers (0.15 m with respect to tris(hydroxy- 
methyl)aminomethane). The reversible metabolic swelling of 
these protoplasts was determined in the presence of various 
mixtures of NaCl and KCl with ratios of Na+ to K+ ranging 
from 24:1 to 96:1. As shown in Fig. 10, raising the Na+ con- 
centration inhibits the swelling reaction but raising the K+ 
concentration reverses the inhibition by Na*. 


DISCUSSION 


The experimental findings suggest that the reversible swelling 
of S. fecalis protoplasts after the addition of glucose is the 
result of a transport of the “‘impermeant” sugar,’ which is 
dependent on glycolysis and one of several specific cations of 
which K+ is the most active. The swelling reaction may be 
formulated as follows. Initially the protoplasts are in osomotic 
equilibrium with the medium and essentially impermeable to 
the high concentrations of sugar used as the osmotic stabilizer 
(e.g. sucrose). It is suggested that the addition of an energy 
source (e.g. glucose) in the presence of an adequate supply of 


3 Investigations of C'-sucrose uptake are in agreement with 
this view (unpublished results). 
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Fic. 9. Specificity of monovalent cations for reversible meta- 
bolic swelling of protoplasts. Test system is Na-Na protoplast 
preparation (see text). 0.01 m glucose added at zero time (tur- 


I 
7 . Curve 1, no cations added; Curve 2, 0.01 m Lit*; 


Curve 3, 0.01 m Cs*; Curve 4, 0.01 m Rb*; Curve &, 0.01 m Kt; Curve 
6, no glucose and no cations added. 
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Fig. 10. Sodium-potassium antagonism in metabolic swelling 
of protoplasts. Protoplasts prepared with tris(hydroxymethy])- 
aminomethane-phosphate-0.4 mM sucrose (see text). 0.01 m glu- 


I 
cose added at zero time | turbidity = logio TY: Curve 1,0.12 m 


NaCl + 0.005 m KCI; Curve 2, 0.12 m NaCl + 0.0025 m KCI; Curve 8, 
0.24 aw NaCl + 0.005 m KCI; Curve 4, 0.24 m NaCl + 0.0025 m KCl. 


K+, either carried within the protoplast or added to the system 
(Fig. 7), evokes a change in the permeability of the protoplast 
membrane which permits an iso-osmotic influx of the “im- 
permeant”’ sugar or one of its metabolites in the direction of its 
concentration gradient. This influx of the sugar results in a 
swelling and change in relative refractive index which can be 
detected by a fall in turbidity. The membrane remains in the 
permeable condition as long as the energy supply is available, 
and it follows that swelling should continue until the energy 
supply is exhausted, which is indeed the case (Fig. 1). Ac- 
cording to this view an excessive supply of the energy source 
would be expected to result in lysis of the protoplasts, which is 
also in conformity with the experimental findings (Fig. 3 and 
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Table II). When the energy supply is not excessive, its exhaus- 
tion results in a reversion of the protoplast membrane to its 
initial impermeable state. The “impermeant”’ sugar no longer 
enters, and the quantity which has already gained access to 
the interior of the protoplast is metabolized via degradation or 
polysaccharide formation or both.‘ In any case the protoplast 
contracts. The foregoing scheme is in accord with the marked 
susceptibility of both phases of the reversible swelling to in- 
hibition by fluoride (Fig. 4) and p-chloromercuribenzoate, the 
ability of the protoplasts to respond again in the same way to 
subsequent additions of glucose (Fig. 2), and the variation in 
the kinetics of reversible swelling when different “impermeant”’ 
sugars are used (Figs. 6a and b). 

Although no movement of the sugar against a concentration 
gradient is postulated (or required), the transport of the “im- 
permeant” sugar into the protoplast is an “active transport” 
insofar as it is coupled to energy metabolism and inhibited by 
metabolic poisons. The question as to the mechanism by which 
the energy source together with K+ changes the permeability of 
the membrane must be left unanswered, although in view of the 
fact that with protoplasts appropriately treated with Nat the 
rate of swelling increases with an increase in concentration of 
K+ up to a “saturation” level (Fig. 8), one is led to suggest that 
a temporary binding of ATP and K+ to the membrane is in- 
volved. The antagonism of Na+ (Fig. 10) may then be inter- 
preted as a competition for the K*+-binding sites. 

The metabolic lysis of intact resting cells (Fig. 5) with the 
production of cell ghosts under the same conditions in which 
protoplasts undergo a reversible swelling is difficult to explain 
simply in terms of swelling, considering the rigid cell wall (1) 
which confines the intact cell. This finding requires further 
investigation. 

With regard to the effects of specific cations in reversible 
metabolic swelling, it should be pointed out that the require- 
ment for K+ (or Rb*) is not due to a cofactor requirement for 
some glycolytic enzymes (10, 11), since Na*+ can completely 
inhibit swelling with no impairment of the rate of glycolysis 
whatsoever. In this connection, it is of some interest to call 
attention to the experiments of MacLeod and Snell (12), who 
showed that S. fecalis had a growth requirement for K+ which 
could also be satisfied by Rb*+ and which was “competitively” 
antagonized by Na*. Since this same cation specificity is 
exhibited by the reversible metabolic swelling reaction (Figs. 9 
and 10), it seems likely that the growth requirement for K+ 
(or Rb*) might be due in part to the ion’s direct involvement in 
the membrane system which controls the uptake of materials 
from the environment. 
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In so far as the phenomenon of reversible metabolic swelling 
of S. fecalis protoplasts depends on permeation control mecha- 
nisms, it may be related to the so called ‘‘permease” systems 
which have been described for other bacterial organisms (13-15). 
The system described in this paper may prove to be advan- 
tageous for the study of active transport because of the simple 
direct photometric observation of the process, its sensitivity to 
low concentrations of specific cations, and its absolute require- 
ment for an exogenous source of energy which is provided by 
anaerobic glycolysis alone. 


SUMMARY 


Protoplasts of Streptococcus fecalis osmotically stabilized in a 
sucrose solution undergo a metabolic swelling in the presence of 
glucose and K+ ions. The swelling reaches a maximum when 
all of the glucose has been converted to lactic acid and thereafter 
reverses spontaneously. New cycles of swelling and reversal of 
swelling are elicited by repeated additions of glucose. The 
reversal of swelling like the swelling itself, appears to depend on 
enzymatic reactions as indicated by its inhibition by metabolic 
poisons. 

Rb* is nearly as effective as K+, Cs+ is slightly effective, but 
Lit, NH,*, and tris(hydroxymethyl)aminomethane*+ are com- 
paratively ineffective in producing metabolic swelling. Nat 
inhibits the activity of K+ in the swelling reaction without 
impairment of the rate of glycolysis. Evidence has been ob- 
tained which suggests that Na+ competes for sites in (or on) the 
protoplasts which bind Kt. 

Sucrose can be replaced as the stabilizing substance for the 
protoplasts by lactose, maltose, cellobiose, melibiose, and 
raffinose. However, the reversible metabolic swelling induced 
by glucose and K* in the presence of each of these sugars pro- 
ceeds at markedly different rates. 

If excessive amounts of glucose are employed the swelling is 
irreversible and lysis of the protoplasts occurs. The amounts of 
glucose that produce lysis depend on the concentration of 
sucrose. In contrast to protoplasts, intact cells of S. fecalis and 
Escherichia colt in the presence of a high concentration of sucrose 
are lysed when small amounts of glucose are added. 

The mechanism of reversible metabolic swelling is discussed. 
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XVIT. MODE OF ACTION OF 1-ISONICOTINYL-2-ISOPROPY LHY DRAZINE 
ON MONOAMINE OXIDASE*T 
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Iproniazid was found to be an efficient inhibitor of monoamine 
oxidase (2, 3). By systematically varying the structure of this 
compound, we have attempted to discover the configuration 
responsible for its activity and to gain information concerning 
the nature of the reactive site of monoamine oxidase. 


EXPERIMENTAL 


Mitochondrial preparations which served as the source of MO! 
were isolated as described previously (3). Most of the hydrazine 
derivatives were obtained from Hoffmann-LaRoche? and were 
used either as free bases or as hydrochlorides. Symmetric 
triaminoguanidine (4), 1,2-dibenzoylhydrazine, 1 ,2-dimethyl- 
1 ,2-dibenzoylhydrazine, 1-benzoyl-2-ethylhydrazine, and 1- 
acetyl-l-ethylhydrazine were prepared in this laboratory by 
conventional methods. | 

The assay for MO activity with 0.01 m tyramine has been 
described in a preceding paper (3). Inhibitors were preincubated 
with the mitochondrial suspensions for 15 minutes before add- 
ing the substrate (3, 5). The plso values, which represent the 
negative logarithms of the inhibitor concentration required to 
produce 50 per cent inhibition of the initial oxygen uptake 
(pI.x) or total ammonia production (pIam) were established 
graphically from determinations of the concentration range 
producing less than total inactivation of the enzyme. The 
symbol pI < a indicates that, at the inhibitor concentration a, 
inhibition was found to range between 15 and 45 per cent, and 
the symbol pI < a stands for an inhibition of less than 15 per 
cent. 

The Q.x calculated from the initial portion of the curve of 
oxvgen consumption was defined as the number of microatoms 
of oxygen consumed per hour per gram of fresh tissue or its 
equivalent. The Qam values represent the production of am- 
monia in micromoles per hour of incubation with no regard to 
initial reaction velocities. At the end of the incubation period, 
the number of microatoms of oxygen consumed and the number 
of micromoles of ammonia produced are determined. The quo- 
tient O/N stands for the ratio of these two figures. 


* This work was supported by research grants from the National 
Institutes of Health, the United States Public Health Service, 
Grant No. E-1413(C5), and from the Multiple Sclerosis Founda- 
tion of America, Chicago, Illinois, Dr. Lewis J. Pollock, Respon- 
sible Investigator. 

+ For Paper XVI of this series, see Ref. 1. 

‘The abbreviations used are: MO, monoamine oxidase; and 
IAH, isonicotinic acid hydrazide. 

? We wish to extend our thanks to Dr. M. J. Schiffrin for a sup- 
ply of these compounds. 


RESULTS 


Influence of Alkyl Residues on Inhibitory Power—The results 
summarized in Table I indicate that neither hydrazine nor acyl- 
hydrazides are potent inhibitors of MO. Alkyl derivatives of 
hydrazine and of acylhydrazides, however, act as efficient blocking 
agents. The lack of inhibitory activity of hydrazine and acyl- 
hydrazides cannot be ascribed to an inability of these compounds 
to penetrate into the mitochondria. Solubilized MO (3, 6) re- 
mains as resistant as mitochondrial MO, whereas the diamine 
oxidase of rabbit liver mitochondria is strongly inhibited by 
hydrazine and acylhydrazides. 

Effect of Alkyl and a-Methylalkyl Derivatives of Isonicotinic Acid 
Hydrazide on MO—Monosubstitution with alkyl groups on the 
second nitrogen atom of isonicotinic acid hydrazide produced 
highly active inhibitors of MO (Table II). Although 1-iso- 
nicotinyl-2-methylhydrazine was less efficient than iproniazid, 
an increase in chain length of the alkyl group was accompanied 
by an increase in the degree of enzyme inhibition which reached 
a maximum with the butyl derivative and then declined with 
the hexyl and heptyl derivatives. The plIso values for mito- 
chondrial MO of beef and mouse liver run closely parallel in 
this respect. a-Methylation of the alkyl group (isopropyl, 
isobutyl, and isooctyl derivatives) generally reduced the potency 
of the inhibitor below that of the corresponding straight chain 
compound. 

Effect of 2-Alkylpicolinic Acid Hydrazides on MO—The alkyl 
derivatives of picolinic acid hydrazide present a slightly different 
finding from that with the isonicotinic acid hydrazides in that 
there is no increase in inhibitory power with an increase in the 
number of carbon atoms in the alkyl substituent. The methyl, 
ethyl, and isopropy] picolinic acid hydrazides are equally effective 
as inhibitors of mitochondrial MO (Table III). 

Effect of 2,2-Disubstituted Isonicotinic Acid Hydrazides on 
MO—All of the 2,2-dialkyl derivatives of isoniazid (2,2-di- 
methyl-, 1,2,2-trimethyl-, 2,2-diethyl-, 2,2-diisopropyl-I NH) 
and of 1-(2-methylisonicotinic acid) hydrazide (2,2-dimethyl-, 
2,2-diethyl-, 2,2-diisopropyl-, and 2,2-diallyl-MeINH) that 
were tested were practically without effect on mitochondrial MO 
of mouse and beef liver (pIs0 «< 3; reaction conditions were as 
described in Table II). The same was true for the 2-aikylidene 
derivatives of INH, viz. ethylidene-, propylidene-, isGpropyli- 
dene-, isobutylidene-, cyclohexylidene-, and benzylidene-INH, 
and for the isonicotinic acid hydrazones of pyruvic acid* and 

3 We are indebted to the Lilly Research Laboratories, Indian- 


apolis, Indiana, and to Dr. Neal Artz, Corn Products Refining 
Company, Argo, Illinois, for these compounds. 
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Effect of alkylated hydrazine derivatives on monoamine oxidase 
Beef liver mitochondria were used, with standard conditions. 


TABLE I 


Amine Ozidases. 


See text. 
Derivative 
plox Plam Alkyl! residue plox Plam 
Hydrazine.........| <2 <2 Ethyl 6.2 6.2 
Acetylhydrazine..... <2 <2 Ethyl 5.6 5.5 
Benzoylhydrazine...| 3.0 2.3 | Ethyl 5.7 5.7 
Isonicotinylhydra- 
<2 Benzyl 5.8 5.6 
Cyclohexyl 4.9 4.5 
(2-Methylisonico- 
tinyl) hydrazine...) <3 <3 Isopropyl 5.3 5.2 
1-Methy]-1-isonico- 
tinylhydrazine....| <3 K3 Methyl 3.0 2.7 
Isonipecotylhydra- 
Isopropy] 4.3 3.8 
TaBLe II 


Effect of alkyl and a-methyl derivatives of isonicotinic acid hydrazide 
on monoamine oxidase 


The listed figures indicate pI5o values. Assays for MO activity 
were performed under standard conditions; reaction vessels each 
contained mitochondria equivalent to 0.2 gm. of fresh liver tissue, 
0.01 mM tyramine, and the desired concentration of inhibitor in a 
total volume of 2.0 ml. with m/15 phosphate buffer, pH 7.2. The 
enzymic system was incubated at 38° in an atmosphere of oxygen 
for 2 hours. Beef liver mitochondria control Q.x = 128 + 23; 
Qam = 39 + 3; O/N = 1.5. Mouse liver mitochondria control 
Qox = 95 + 12; Qam = 30 + 3; O/N = 18. 


Straight chain series a-Methy] series 

[AH Beef liver Mouse liver Beef liver Mouse liver 

derivative mitochondria mitochondria mitochondria mitochondria 
plox plam Plox Plam plox Plam Plox Plam 

C, 4.3 4.2 4.1 3.8 

C, §.2 5.0 | 4.7 4.6 5.0 4.9 §.2 | §.2* 

C; 5.3 5.1 4.8 4.9 4.7 4.4 4.6 | 4.5 

C, 5.7 5.6 5.6 5.3 

Ce. 4.9 4.8 4.9 5.1 

C; 5.0 4.8 4.9 4.9 4.6 4.3 4.3 | 4.4 
* Iproniazid, Marsilid. 

TABLE III 


Effect of picolinic acid hydrazide derivatives on monoamine oxidase 
Reaction vessels contained mitochondria equivalent to 0.1 gm. 


of fresh beef liver. Qox = 210; Qam = 125; O/N = 1.3. Incuba- 
tion period was 1 hour. See also legend to Table II. 

Compound | plox | plam 
Picolinic acid hydrazide............ | K2 
1-Picoliny]-2-methylhydrazine....._ 5.5 5.0 
1-Picolinyl-2-ethylhydrazine........ | 5.3 | 5.0 
1-Picolinyl-2-isopropylhydrazine. .. 5.3 | 4.9 
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glucuronic acid’. 1-Isonicotiny]-2-heptylidenehydrazine reduced 
the Q.. of mouse liver mitochondria by 46 per cent at the 10-3 
M level. 7 

Acylhydrazides—A large number of congeners in addition to 
the simple hydrazides listed in Tables I and III and in a previous 
publication (7) was tested. No instance was noted in which a 
plso of 3 was attained when standard assay conditions were used. 
Only a few of the compounds, mono- and diacylhydrazides, are 
mentioned here: aminoguanidine, symmetric triaminoguanidine, 
thiocarbohydrazide, furan carboxylic acid hydrazide, nicotinic 
acid hydrazide, anthranilic acid hydrazide, (2,6-dichloroiso- 
nicotinic acid)-hydrazide, 1-isonicotinyl-2-acetylhydrazine, 1 ,2- 
dibenzoylhydrazine, and 1 ,2-dimethyl-1 , 2-dibenzoylhydrazine. 


DISCUSSION 


While hydrazine is almost without effect on MO, the incorpo- 
ration of an alkyl] residue, but not of an acyl group, leads to the 
formation of a very active MO inhibitor (Table I). A compari- 
son of the pIs0 values of ethylhydrazine and of various 1-acyl-2- 
ethylhydrazines (Tables I to III) reveals that alkylated hydra- 
zines undergo a loss of inhibitory power when an acyl residue is 
added. The dispensibility of the acyl group for the MO-blocking 
activity of hydrazine derivatives becomes apparent when, for 
example, on starting with iproniazid, the position of the acy] 
residue is altered from position 4 to position 2 of the pyridine 
ring (picolinic acid), or the ring is hydrogenated (isonipecotinic 
acid), or the heterocyclic ring is replaced by a benzene ring or 
by a methyl residue. In some instances the maximal inhibitory 
effect is attained with the methy! derivative (picolinic acid hy- 
drazides, (Table III), 1,2-dialkylhydrazines (1)). However, 
the lengthening of the aliphatic chain, or the introduction of 
a benzene ring into the latter, generally enhances the inhibitory. 
effect markedly. The benzyl and butyl derivatives of isonico- 
tinic acid hydrazide are among the strongest MO inhibitors ever 
found. 

There is one distinct exception to the alkylation rule referred to 
above: the methylation of 1-isonicotinyl-l-methylhydrazine in 
2 position does not produce a strong inhibitor (Table I). Of 
several possible interpretations which could account for this 
observation it might be mentioned that the hydrogen atom at- 
tached to the nitrogen atom next to the carbonyl group is neces- 
sary for the MO-blocking activity of iproniazid. Since all 
2,2-disubstituted isonicotinic acid hydrazides as well as all 
isonicotinylhydrazones affect MO only slightly, the presence of 
a hydrogen in 2 position also seems to be required. Summariz- 
ing this part of the discussion we consider that, in the formula 
of iproniazid shown here, the part printed in bold face is the 
essential moiety for the inhibitory action of this compound.‘ 


N >—CONHNHCH(CH;): 


The isopropyl group, however, can be replaced by other hydro- 
phobic residues. 

From this structural picture some simple conclusions regard- 
ing the interaction between enzyme and inhibitor can be drawn. 
If hydrogenbonding would substantially contribute to the bind- 
ing force, acylation should increase the MO-blocking power of 
hydrazines, because the nitrogen atom adjacent to the carbony! 
residues is well suited to enter into hydrogen bonding (9). Non- 


4 Preliminary note, reference (8). 
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alkylated mono- and diacylhydrazides, however, do not inhibit 
MO. 

The alkyl residues affect the MO-inhibiting activities of acy]- 
hydrazines in two ways. (a) They strengthen the nucleophilic 
nature of the nitrogen to which they are attached. This in- 
fluence is expressed in the above formula by the pair of electrons 
to be shared with an electrophilic group of the enzyme. (6) 
By virtue of van der Waals’ forces, they add to the binding power 
between enzyme and inhibitor. This is an illustration of a 
general principle governing the formation of complexes between 
enzyme and substrate or inhibitor molecules (Fig. 3 in reference 
(10)). 

As to the nature of the electrophilic residue of the enzyme, some 
information may be obtained from the observation that the 
structure of the aliphatic group exerts the same influence on three 
different systems: (a) formation of transannular bonds between a 
ketone group and substituted ring nitrogen (11); (6) binding 
between 1,2-dialkylhydrazines and carbonyl compounds (1); 
and (c) inhibition of MO by 1,2-dialkylhydrazines (1). Tenta- 
tively, the presence of a carbonyl residue in MO as the electro- 
philic counterpart of the nucleophilic hydrazine nitrogen may 
be assumed. Since, in contrast to diamine oxidase, no readily 
accessible aldehyde or ketone group is found in MO, the carbony!] 
residue could be a part of an amide, peptide, or ester linkage. 

Previously it was shown that iproniazid and substrates of MO 
interact with the same site of the enzyme (3, 5). Furthermore, 
on the basis of extensive studies of the substrate pattern of this 
enzyme, it was concluded that the amino group of the substrate 
reacts with an electrophilic residue, presumably an acy] belong- 
ing to an aromatic amino acid.> Thus, it does not seem unlikely 
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that the nucleophilic nitrogen of hydrazine interacts with this 
particular peptide linkage forming a part of the active site of 
MO. Naturally, further studies on enzymic and nonenzymic 
systems are required to add more light to this question. 


SUMMARY 


1. The mode of action of iproniazid on mitochondrial mono- 
amine oxidase of mammalian liver has been investigated through 
a systematic analysis of the structural configuration of various 
series of hydrazine derivatives essential to effect inhibition. 

2. Monosubstitution of the second nitrogen atom of isonico- 
tinic acid hydrazide with alkyl groups produces optimal inhibi- 
tion with the butyl derivative as evidenced by the plso values. 
Methyl] substitution of the alkyl group tends to diminish the 
inhibition. 

3. The methyl, ethyl, and isopropyl derivatives of picolinic 
acid hydrazide are equally effective as inhibitors of beef liver 
mitochondrial MO. 

4. None of the alkvlidene and methylalkylidene isonicotiny] 
hydrazines, or of the 2,2-dialkyl derivatives of isonicotinie acid 
hydrazide or 1-(2-methylisonicotinic acid) hydrazide that were 
tested displayed more than a slight blocking action on MO at 
concentrations as high as 10-3 m. The isonicotinic acid hydra- 
zones of pyruvic acid and glucuronic acid were likewise ineffec- 
tive. 

5. Mono- and 1,2-diacylhydrazides are devoid of significant 
inhibitory influence on monoamine oxidase activity. 

6. A concept of the functions which the various residues of the 
iproniazid structure serve to fulfill in the interaction with the 
reactive site of monoamine oxidase is discussed. 
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The concept that cytochrome c is involved in the oxidation 
of reduced diphosphopyridine nucleotide by mammalian tissues 
appears to be well established. From time to time evidence 
against this view has been presented (cf. (1)), but invariably 
the data or interpretations have been refuted (1-4), and the orig- 
inal conclusions modified (5-8). Direct evidence for the 
participation of cytochrome c in DPNH oxidation comes from 
the early spectroscopic and more recent spectrophotometric 
studies of respiring cells and tissues, from the demonstrations 
by numerous investigators that the addition of cytochrome c 
to cell-free preparations stimulates this reaction, and from the 
equally numerous demonstrations that cytochrome c can sub- 
stitute for oxygen as a final electron acceptor (cf. (1)). The 
unchallenged conclusion that cytochrome oxidase is required 
for DPNH oxidation (cf. (1)) also has been interpreted as sup- 
port for the inclusion of cytochrome c; with just one exception 
known until now, reduced cytochrome c is the only substrate 
for cytochrome oxidase (9, 10). The single exception is that 
of aldehyde oxidase, which has been shown to transfer electrons 
to cytochrome oxidase without the mediation of cytochrome c 
(11). 

Additional support for the importance of cytochrome c in 
DPNH oxidation resulted from the discovery and isolation of 
mammalian DPNH-cytochrome c reductase (12-16), a metal- 
loflavoprotein (16) which catalyzes the oxidation of DPNH 
by cytochrome c. Although more recent evidence suggests 
that other enzymes may also catalyze this reaction, the fact 
remains that “to date the only well-characterized system which 
mediates the oxidation of DPNH consists of DPNH-cytochrome 
c reductase, cytochrome c, cytochrome oxidase and oxygen.” 
(1). On the other hand experiments reported herein show 
that DPNH-cytochrome c reductase, like aldehyde oxidase (11), 
can also reduce both cytochrome 6 and cytochrome oxidase,! 
and provide strong evidence that reduction of the latter can 
be accomplished without the participation of cytochrome c. 
These data therefore add a further exception to the concept 
that cytochrome oxidase reacts only with reduced cytochrome 


* Supported by a grant from the Cleveland Area Heart Society. 

‘In this paper the term ‘‘cytochrome oxidase”’ indicates the 
enzyme or enzyme complex which catalyzes the oxidation of re- 
duced cytochrome c by molecular oxygen. It is considered identi- 
cal with the enzyme or enzymes having visible absorption spec- 
trum maxima at 603 and 442 my. These absorption maxima may 
represent two different components (cytochromes a and a;), both 
of which may be necessary for the oxidation of cytochrome c 
(17). | 


c, and once again suggest the possible existence of a pathway 
of DPNH oxidation which does not require cytochrome c. 


EXPERIMENTAL 


Preparations—Cytochrome oxidase (2 to 3 per cent prepara- 
tion) was prepared by a modification (11) of the method of 
Wainio et al. (18). 
moved as described previously (11) and the final lyophilized 
powder was dissolved in 0.037 m glycylglycine buffer, pH 7.4, 
just before use. 

Cytochrome b was prepared by deoxycholate fractionation 
similar to that of Eichel et al. (19). The insoluble cytochrome 
oxidase preparation, containing 25 mg. of protein per ml., was 
first treated with 1.5 per cent sodium deoxycholate. After 
centrifugation the residue was suspended in the original volume 
of 0.1 mM NasHPO,- KH2PO, buffer, pH 7.4, and was successively 
extracted three times with 0.5 per cent sodium deoxycholate. 
The third extract was lyophilized and dissolved in distilled water 
just before use. 

DPNH-cytochrome c reductase purified from heart muscle 
by the method of Mahler et al. (14) was used for all experiments 
cited in this paper. The solutions obtained by dissolving 
Precipitates Rg and R; (14) were combined, and albumin was 
added to a final concentration of 1 to 2 per cent. The prepara- 
tion was frozen and used on the following day. In earlier ex- 
periments the lyophilized ethanol extract (14) was used without 
further purification and qualitatively similar results were ob- 
tained. However, the large amount of heme in this extract 
made it impossible to measure accurately the rate of reduction of 
cytochrome oxidase; the heme became reduced in the presence 
of DPNH, and its reduction, like that of cytochrome oxidase, 
produced an increase in extinction at 442 mu. 

Both DPNH and cytochrome c were purchased from the 
Sigma Chemical Company. The former was dissolved in 
0.037 m glycylglycine buffer, pH 7.4, just before use. The 
latter was purchased either in lyophilized form or as a concen- 
trated solution (10 mg. per ml.) containing NaCl, and this solu- 
tion was diluted to the appropriate concentration with distilled 
water. 

Methods—All experiments were carried out in a slightly modi- 
fied version of the anaerobic spectrophotometer cell designed by 
Lazarow and Cooperstein (20). In order to obtain better opti- 
cal surfaces, the body of this cell was constructed by fusing 4 
section of square Pyrex tubing to a Corex spectrophotometer 
cuvette instead of using square tubing for the entire body as 
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originally designed. 2 ml. of either cytochrome oxidase (8 
mg. per ml.) or cytochrome b (36 mg. per ml.) were pipetted into 
the main body with enough water to bring the final reaction 
volume to 3.0 ml. When DPNH-cytochrome ¢ reductase was 
used as the reducing agent, 0.1 ml. of 1.8 K 10-?m DPNH was 
added to the body and 0.3 ml. of the DPNH-cytochrome c 
reductase preparation (1 to 2 mg. of protein) was pipetted into 
the side arm. In the experiments with ascorbic acid, 0.2 ml. 
of a neutralized 0.115 m solution was added to the sidearm. 
When cytochrome c was used, 0.1 ml. was pipetted into the main 
body in place of an equal volume of water. Anaerobic condi- 
tions were obtained by flushing the cells for 10 minutes with 
nitrogen which had been passed through electrically heated 
copper screens to remove traces of oxygen. 

The rate of cytochrome c reduction was measured at 550 mu 
in the Beckman model DU spectrophotometer. The reduction 
of cytochrome oxidase and cytochrome 6b was followed in the 
Cary model 11 recording spectrophotometer equipped with an 
expanded scale covering an optical density range of 0 to 0.5. 
After a zero time spectrum was recorded, the contents of the 
sidearm were tipped into the main body and repeated spectra 
were taken as rapidly as possible. The range from 625 to 400 
my was scanned in about 20 seconds; however, in order to allow 
time for resetting the instrument, the spectra were usually 
measured at 1-minute intervals. When the reaction appeared 
to be complete, air was bubbled through the cell for a few minutes 
and an “aerated” spectrum was recorded. At least 30 minutes 
reaction time were allowed for those experiments in which there 
appeared to be no reduction. All operations were carried out 
at room temperature. When necessary, the DPNH-cytochrome 
c reductase preparation was present in the blank cuvette. 

The spectra presented in this paper have been traced from the 
original recordings, but some of them (taken at intermediate 
times) have been omitted in order to keep the number of curves 
in each figure to a minimum. The time after tipping in the 
contents of the sidearm is noted on each curve. This time was 
recorded when the wave length scanner reached 442 my in the 
experiments with cytochrome oxidase or 428 my in those with 
cytochrome b. The rate of reduction of cytochrome oxidase 
was obtained from these curves by plotting the 442-my readings 
against time and estimating the initial slopes. In order to cor- 
rect for the dilution which occurs upon tipping in the contents 
of the sidearm, as well as to eliminate errors resulting from non- 
specific effects such as clouding, these readings were corrected 
by any extinction changes which occurred at the isobestic point 
of reduced and oxidized cytochrome oxidase. In our prepara- 
tions, this point was at 455 mu. 


RESULTS 


Reduction of Cytochrome Oxidase and Cytochrome c—In the 
presence of DPNH, DPNH-cytochrome c reductase readily 
reduces cytochrome oxidase. This is shown by the appearance 
of a peak at about 603 my and the shift of the Soret peak from 
418 my to 442 mu (Fig. 1).2_ Upon aeration, cytochrome oxidase 


2? It has been noted consistently that after tipping in the con- 
tents of the sidearm there is a sharp initial drop in the absorption 
at 418 my, followed by a more gradual one (Fig. 1). The greater 
part of this decrease is not due to reduction of either cytochrome 
oxidase or any of the other known cytochromes for the following 
reasons: (a) it is not necessarily accompanied by a concomitant 
increase in extinction at any other wave length in the visible range, 
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Fic. 1. Reduction of cytochrome oxidase by DPNH + DPNH- 
cytochrome c reductase. 


400 


becomes reoxidized only partially, indicating that a steady state 
is reached. When DPNH-cytochrome c reductase is boiled first, 
or when DPNH is omitted, cytochrome oxidase is not reduced. 

The absence of the absorption maxima of reduced cytochrome 
c (at 415, 520, and 550 my) (17) from both the cytochrome oxi- 
dase preparation (Fig. 1) and the DPNH-cytochrome c reductase 
preparation (14)? would appear to rule out the participation 
of cytochrome c in the reaction between DPNH-cytochrome c 
reductase and cytochrome oxidase. However, it seemed pos- 
sible that the reaction was catalyzed by spectrophotometrically 
undetectable amounts of cytochrome c present in one of the 
enzyme preparations. If this were true, then any agent which 
reduces cytochrome c as rapidly as does DPNH-cytochrome ec 
reductase also should reduce cytochrome oxidase with equal 
rapidity. 

In considering the possibility that traces of cytochrome c¢ in 
one of the preparations was catalyzing the reaction between 
aldehyde oxidase and cytochrome oxidase (11) it was pointed 
out that ascorbic acid reduces cytochrome ¢ rapidly (24) and 


(b) the decrease occurs in experiments with ascorbic acid in which 
there is no evidence of reduction even after a long period of time 
(Fig. 4), and (c) in most cases, this decrease in absorption is not 
reversed significantly after aeration (Fig. 4). A similar anoma- 
lous drop at 415 my also occurs during the reduction of cytochrome 
b by DPNH-cytochrome c reductase (Fig. 6). The cause of this 
spectral change is unknown, but it may be due to a change in the 
physical state of the deoxycholate micelles accompanied by a 
change in light scattering similar to that observed with mito- 
chondria by Chance and Packer (21). Our corrections using the 
455-my readings would not completely compensate for this phe- 
nomenon. 

’ DeBernard (22, 23) has reported that the heme absorption 
peaks observed in DPNH-cytochrome c reductase preparations 
similar to the lyophilized extract of Mahler et al. (14) belong to 
cytochrome c. It is difficult to understand how this conclusion 
was reached since the positions of the peaks which he reports are 
different from those generally ascribed to cytochrome c. Simi- 
larly, none of our crude or purified preparations ever showed the 
absorption maxima of cytochrome c. The peaks of the heme in 
our DPNH-cytochrome c reductase preparations (408 to 410 my 
in the oxidized form and 430 my in the reduced form) do not cor- 
respond to those of any of the known cytochromes (ef. (1)). 
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Fic. 2. Rate of reduction of 2.8 xX 10-5 m cytochrome c. 
@——®, by ascorbic acid; A——A, by DPNH + DPNH-cyto- 
chrome c reductase. 
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Fic. 3. Rate of reduction of cytochrome oxidase. @——@, 
by DPNH + DPNH-cytochrome c reductase; A——A, by ascorbic 
acid; A——A, by ascorbic acid + the DPNH-cytochrome c re- 
ductase preparation; O--——D, by ascorbic acid + 8.3 X 1077 M 
cytochrome c; B——48, by ascorbic acid + the DPNH-cytochrome 
c reductase preparation + 8.3 X 10-7 M cytochrome c. 


therefore can be used to test this hypothesis. A comparison 
of the rate of reduction of cvtochrome c by ascorbic acid with 
its rate of reduction by DPNH-cytochrome c reductase is shown 
in Fig. 2. These experiments were done anaerobically in the 
presence of the cytochrome oxidase preparation so that the 
conditions were similar to those used for studying cytochrome 
oxidase reduction. It can be seen that ascorbic acid reduced 
cytochrome c much more rapidly than did DPN H-cytochrome c 
reductase. In fact, under our conditions, the reduction of 
cytochrome c by ascorbic acid was almost complete before the 
first reading could be obtained; consequently the curve in Fig. 
2 represents a minimal rate. 

If DPNH-cytochrome c reductase reduces cytochrome oxidase 
only through the mediation of traces of cytochrome c in one of 
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Fic. 5, Reduction of cytochrome oxidase 
acid + 8.3 X 1077 m cytochrome c. 


by ascorbic 


the preparations, one would certainly expect on the basis of 
these results that ascorbic acid should also reduce cytochrome 
oxidase rapidly. However, Figs. 3 and 4 show that ascorbic 
acid did not reduce cytochrome oxidase at a significant rate 
either in the presence or absence of the DPNH-cytochrome c 
reductase preparation. Furthermore, although the addition 
of 8.3 < 10-7 M cytochrome c stimulated the reduction of cyto- 
chrome oxidase by ascorbic acid,‘ the rate of reduction was still 
not as rapid as the rate of reduction of cytochrome oxidase by 
DPNH-cytochrome c reductase (Figs. 3 and 5). Therefore, if 
the reaction between DPNH-cyvtochrome c reductase and 


‘The rate of reduction of cytochrome oxidase by ascorbic acid 
in the presence of cytochrome c reported here is lower than that 
previously reported (11). This may be due to the slightly lower 
cytochrome c concentration used in these studies. However, it 
seems more likely that it is due to variation in the amount of 
deoxycholate in different cytochrome oxidase preparations, since 
deoxycholate inhibits the reaction between cytochrome c and 
cytochrome oxidase (25). 
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cytochrome oxidase were mediated by cytochrome c, one of the 
preparations would have to contain more than 8.3 10-7 M cyto- 
chrome c. Yet Fig. 5 shows that this amount of cytochrome 
c would be easily detected by its absorption peaks at 415, 
520, and 550 mu. Thus it can be concluded that our prepara- 
tions are not contaminated with sufficient cytochrome c to ac- 
count for the reduction of cytochrome oxidase by DPNH- 
cvtochrome c reductase. 

Reduction of Cytochrome b—Fig. 6 shows the reduction of 
cytochrome b by DPNH-cytochrome c reductase in the presence 
of DPNH. The rapid appearance of the peaks of reduced cyto- 
chrome b at 428 and 561 my (cf. (1)) can be seen. (The slight 
skewing of the Soret peak is attributable to contamination 
of this preparation with both cytochrome c and cytochrome 
oxidase.) Upon aeration, the Soret peak shifted back to 415 
my, indicating that cytochrome b was reoxidized. 


DISCUSSION 


As in the case of aldehyde oxidase (11), consideration of the 
oxidation-reduction potentials of the cytochromes (24) suggests 
four possible pathways of electron transport which would ex- 
plain the reduction of cytochrome oxidase by DPN H-cytochrome 
c reductase observed in our experiments. These are as follows. 


DPNH-cytochrome c reductase — cytochrome c — 
eytochrome oxidase (1) 

DPNH-cytochrome c reductase — cytochrome b — 
cytochrome c — cytochrome oxidase (2) 

DPNH-cytochrome c reductase — cytochrome b — 
cytochrome oxidase (3) 
DPNH-cytochrome c reductase — cytochrome oxidase (4) 


Of these, only the first two are in accord with the concept that 
evtochrome c is the only enzyme which can reduce cytochrome 
oxidase. However, the data already presented (summarized 
in Table 1) appear to rule out the participation of cytochrome c 
according to either of these two pathways for the following rea- 
sons. 

1. In the presence of the cytochrome oxidase preparation 
(which contains cytochrome 6) ascorbic acid reduced cytochrome 
c at least twice as rapidly as did DPNH-cytochrome c reductase. 
Yet the latter reduced cytochrome oxidase about 40 times as 
rapidly as did ascorbic acid. 

2. The addition of cytochrome c stimulated the reduction of 
cytochrome oxidase by ascorbic acid. However, the rate of 
reduction was still only about one-half the rate of reduction of 
cytochrome oxidase by DPNH-cytochrome c reductase despite 
the fact that the amount of cytochrome c added was far greater 
than could be present in our preparations. 

Although the addition of cytochrome c usually stimulated the 
reduction of cytochrome oxidase by DPNH-cytochrome c 
reductase (Table I), the results were variable and occasionally 
inhibition was observed. The significance of this variability 
has been discussed previously (11). Furthermore it should be 
noted that the stimulation never exceeded approximately 2-fold, 
which is relatively small as compared with the 20-fold stimula- 
tion of the reduction of cytochrome oxidase by ascorbic acid, 
and the 100-fold stimulation previously reported (11) for the 
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Fic. 6. Reduction of cytochrome b by DPNH + DPNH-cyto- 
chrome c reductase. 


TaBLe I 
Rate of reduction of cytochrome oxidase and cytochrome c 


| Rate of Rate of 
Reducing system 
oxidase* ct 
| 
DPNH + DPNH-cytochrome c reductase! 76 960 
Ascorbic acid + cytochrome c........... | 36 | 
Ascorbic acid + DPNH-cytochrome ce | | 
reductase preparation.................. | 2 | 
Ascorbic acid + DPNH-cytochrome c 
reductase preparation + cytochrome c_ 36 | 
DPNH + DPNH-evtochrome c reductase | | 
+ cytochromec.......... 140 


* AE 442 mu per minute X 10°. 

7 AE 550 my per minute X 10°. 
reduction of cytochrome oxidase by TPNH-cytochrome c¢ 
reductase. 

In our study of the reaction between aldehyde oxidase and cy- 
tochrome oxidase (11) several alternative interpretations of the 
data, which would have permitted the conclusion that cyto- 
chrome c actually was involved, were considered and ruled out in 
various ways. By analogous experiments, similar alternatives 
have been eliminated as explanations for the reaction between 
DPNH-cytochrome ¢ reductase and cytochrome oxidase. There 
is, however, one possibility which was not ruled out completely 
(11). The observed reduction of cytochrome oxidase might be 
attributable to a nonenzymatic reaction between cytochrome 
oxidase and a free radical, partly oxidized form, of DPNH 
(in the case of DPNH-cytochrome c reductase) or N-methylnico- 
tinamide (in the case of aldehyde oxidase) (11). In such a 
reaction the only function of the flavin enzyme would be to 
act as a final electron or hydrogen acceptor in the formation 
of this free radical. This was considered an unlikely explana- 
tion for the reduction of eytochrome oxidase by aldehyde oxi- 
dase; it seems even less likely in the case of DPNH-cytochrome 
c reductase despite the recent evidence which indicates that a 
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free radical is formed during the oxidation of DPNH by this 
enzyme (26). Straub’s diaphorase also oxidizes DPNH (27) 
and is believed to be simply a modified form of DPNH-cyto- 
chrome c reductase which differs functionally only in its in- 
ability to reduce cytochrome c (14, 28). Therefore one would 
expect that the same free radical would be formed in the presence 
of diaphorase as in the presence of DPNH-cytochrome c re- 
ductase; yet diaphorase does not reduce cytochrome oxidase 
at a significant rate. Furthermore TPNH-cytochrome c 
reductase does not reduce cytochrome oxidase significantly (11), 
although it seems reasonable to believe that the oxidation of 
TPNH should give rise to the same type of free radical as would 
the oxidation of DPNH; in fact, evidence for the occurrence 
of a free radical form of this coenzyme has also been presented 
(26). 

Therefore it is concluded that under our conditions either path- 
way 3 or 4, neither of which requires cytochrome c, correctly de- 
picts the reaction between DPNH-cytochrome c reductase and 
cytochrome oxidase. Although it is impossible to make a defi- 
nite choice between these two pathways, an analysis of the data 
suggests the participation of an intermediate in the reaction. 
That this intermediate may be cytochrome b is supported by 
the fact that DPNH-cytochrome c reductase reduces cytochrome 
b,° and cytochrome 6 is present in the cytochrome oxidase 
preparation. Furthermore, whereas aldehyde oxidase also 
reduces cytochrome 6 (11), preliminary studies indicate that 
this ability is not shared by a number of other flavin enzymes 
(TPNH-cytochrome c reductase (11), Straub’s diaphorase,5 
d-amino acid oxidase,*> milk xanthine oxidase) which are unable 
to reduce cytochrome oxidase. To the best of our knowledge, 
aldehyde oxidase and DPNH-cytochrome c reductase have no 
other property in common, not shared by at least one of the 
other flavins, which would explain their unique ability to reduce 
cytochrome oxidase. 

It must be emphasized that our experiments do not exclude 
the participation of mediators other than the known cytochromes 
in the reaction between the flavin enzymes and cytochrome 
oxidase. For example, it may be that the hemes in the DPNH- 
cytochrome c reductase and aldehyde oxidase preparations 
(14, 22, 23, 30) play sucha role. Although many of the purified 
DPNH-cytochrome c reductase preparations which we have 
used contained no detectable heme, it is, of course, possible 
that spectrophotometrically undetectable amounts were present 
and catalyzed the reaction. 

Regardless of the possible requirement for other mediators in 
this system, this work strongly indicates that, at least in vitro, 
DPNH can be oxidized by a pathway which includes cytochrome 
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oxidase but not cytochrome c. Whether or not this can also 
occur in vivo is, of course, unknown. A comparison of the rate 
of this reaction with the rates of other reactions believed to 
occur physiologically has led to contradictory conclusions. Fur- 
thermore, extrapolation from our highly artificial conditions 
to those which exist in the cell is undoubtedly unwarranted, 
particularly since the pathway of electron transport in vivo 
probably is determined largely by the steric arrangement of 
the mitochondrial enzymes rather than the rates at which these 
enzymes can react with each other in solution. In this connec- 
tion, several investigators have suggested that although DPN H- 
cytochrome c reductase reacts rapidly with cytochrome c in 
solution, it may react with some other acceptor in the cell (15, 
28, 31). Our finding that DPNH-cytochrome c reductase re- 
duces cytochrome b may be particularly pertinent in this regard 
if one considers the following: (a) Slater’s proposal that in vivo 
an unknown factor may mediate the reaction between DPNH- 
cytochrome c reductase and cytochrome c (31), (b) Chance’s 
conclusion that in phosphorylating preparations cytochrome 
b fulfills the requirements of Slater’s factor and accepts electrons 
from the flavin component of DPNH-oxidase (32), and (c) 
Mahler’s suggestion that the natural acceptor for DPNH- 
cytochrome c reductase may be a cytochrome b type of heme 
(28). Although Slater’s results (cf. (31)) suggest that his factor 
is not cytochrome b, and although Chance and Slater both 
believe that the factor eventually transfers its electrons to cyto- 
chrome c, the possibility must be considered that the natural 
acceptor for DPNH-cytochrome c reductase is cytochrome }, 
and that this, in turn, can transfer electrons directly to cyto- 
chrome oxidase. It is interesting to note that this pathway 
has also been proposed recently by Rapoport and Nieradt to 
explain their results with heart muscle preparations (33). 


SUMMARY 


The reduction of cytochrome oxidase by DPNH-cytochrome 
c reductase has been demonstrated with the use of soluble prep- 
arations of these enzymes. A study of the relative rates of 
reduction of cytochrome c and cytochrome oxidase by DPNH- 
cytochrome c reductase and by ascorbic acid has provided strong 
evidence against the participation of cytochrome c in this reac- 
tion. 

It has been found that cytochrome 6 also is reduced by DPN H- 
cytochrome c reductase. The possibility that cytochrome b or 
other carriers may mediate the reaction between the flavin 
enzyme and cytochrome oxidase and the possible significance of 
these reactions in the biological oxidation of DPNH have been 
discussed. 
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Oxidative Phosphorylation in Fractionated Bacterial Systems 


I. ROLE OF SOLUBLE FACTORS* 
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The bacterial systems that couple phosphorylation to oxida- 
tion, in contrast to mammalian preparations, lend themselves 
to fractionation and reconstitution. Oxidative phosphorylation 
in bacterial extracts is dependent upon the structural integrity 
of a highly organized particulate system (1-3). However, 
particles isolated by ultracentrifugation are inactive and re- 
quire supplementation with soluble components found in the 
supernatant solution for restoration of oxidation and phosphate 
esterification (1, 4). Coupled phosphorylation with washed 
particles cannot be restored by the addition of known coenzymes, 
dyes, or boiled extracts of bacteria or yeast. 

The active components of the supernatant fraction are non- 
dialyzable and heat-labile (5, 6) and can be fractionated. Sys- 
tems in which certain essential components can function when 
liberated from complex structures offer new avenues for eluci- 
dating factors which are essential for oxidation and coupled 
phosphorylation. It is the purpose of this communication to 
define the role of certain soluble components in a fractionated 
bacterial system. Preliminary reports of this work have ap- 
peared elsewhere (4-6). 


EXPERIMENTAL 


Preparation of Particles—Mycobacterium phlei, ATCC 354, 
was grown, and cell-free homogenates were prepared, by methods 
described in a previous paper (7). Fractionation of the cell-free 
homogenates was conducted as shown in Fig. 1. The pH of 
the crude homogenate was adjusted to 7.4, and the particles 
were separated from the crude supernatant fraction by cen- 
trifugation for 90 minutes at 140,000 x g in a Spinco prepara- 
tive centrifuge! The particles were suspended in 0.10 m KC] 
containing 0.001 m Tris? buffer of pH 8.0, and recentrifuged for 
60 minutes at 140,000 x g. After suspension in 0.10 m KCl 
and adjustment of pH to 7.4, they were used for assaying the 
activity of crude or fractionated supernatant solution. 

Fractionation of Soluble Components—Since the assay of 
fractionated supernatant solutions is dependent upon particles 
which vary from day to day, it is difficult to describe the purifica- 
tion of essential supernatant components in terms of specific 
activity. Comparative activities were ascertained by testing a 

* This investigation was supported by a research grant (No. 
.-827(C3)) from the National Institute of Allergy and Infectious 
Diseases, National Institutes of Health, United States Public 


Health Service. 
‘We wish to thank Dr. Paul Munson, of the Harvard Dental 


School, for the use of the Spinco preparative centrifuge. 


? The abbreviations used are: Tris, tris(hydroxymethy]l)amino- 


methane; DNP, 2,4-dinitrophenol; P;, inorganic phosphate. 


series of fractions simultaneously in the presence of a given 
suspension of particles. On a protein basis, however, most 
preparations reported in this paper represent a 10- to 15-fold 
purification of the factors necessary to restore both oxidation 
and the esterification of Pj. 

1. Ammonium Sulfate—After removal of the particles, the 
crude supernatant liquid was treated with solid ammonium 
sulfate to 30 per cent saturation and centrifuged at 20,000 x g. 
The precipitate was discarded, and the supernatant solution 
was brought to 60 per cent saturation. The resulting precipitate 
was collected, dissolved in distilled water, and dialyzed against 
cold distilled water for 4 to 16 hours. This fraction was ad- 
justed to pH 7.4 with Tris buffer and used in experiments on re- 
activation of the particles described above. 

Both the crude supernatant and the ammonium sulfate 
fractions were stable for long periods when kept frozen or lyo- 
philized. When small aliquots (10 to 15 ml.) of the crude 
supernatant solution were fractionated with ammonium sulfate, 
a further addition of crude heated supernatant components was 
necessary to reconstitute both oxidation and phosphorylation. 
When larger aliquots were fractionated this requirement could 
not be demonstrated. 

2. Acetone Fractionation—Both the crude supernatant fraction 
and Fraction B (above) were further fractionated according to 
the method of Wosilait and Nason (8) for menadione reductase. 
Cold acetone was added dropwise. The precipitate between 50 
and 70 per cent by volume was collected and resuspended in 
cold distilled water, and the pH was adjusted to 7.4. 

3. Tricalcitum Phosphate and Protamine Sulfate Fractionation— 
Fraction B (above) or the fractions obtained by acetone treat- 
ment were further fractionated with aged tricalcium phosphate 
gel, 2.5 ml. being added to 5 ml. of fractionated supernatant 
solution and allowed to stand in ice for 10 to 20 minutes. After 
centrifugation the supernatant fluid was carefully decanted. 
At pH 7.4 at least 50 per cent of the protein was removed by 
the gel without loss in activity of this fraction. The solution 
was then treated with 2 per cent protamine sulfate added drop- 
wise, and the resulting precipitate was removed. This pro- 
cedure was continued until at least 85 per cent of the nucleic 
acid was removed, as determined by the 280:260 my absorption 
ratio. 

Assay of Enzymatic Activity—Respiration was measured by 
the conventional Warburg method at 30°. The methods used 
to measure coupled phosphorylation were similar to those 
previously described (7). 

Menadione reductase activity was measured in the Beckman 
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model DU spectrophotometer (8). The system consisted of 
0.0005 mM menadione, 0.0005 m DPNH, 0.01 m Tris at pH 8.0, 
0.1 ml. of enzyme, and H.O to a final volume of 1 ml. The rate 
of oxidation of DPNH in the presence of menadione was deter- 
mined by observing the change in optical density at 340 my 
during the first 90 seconds. Although only crude bacterial 
preparations showed any significant DPNH oxidase activity, 
this activity was measured and corrected. 

Cofactors—Heat-stable cofactors were obtained by boiling the 
crude supernatant fraction for 15 to 20 minutes followed by 
centrifugation to remove the heat-inactivated protein. Crvystal- 
line ADP, ATP, DPNH, and veast hexokinase were obtained 
from the Pabst Laboratories. Purified DPN and TPN were 
obtained from the Sigma Chemical Company and Pabst Lab- 
oratories. Vitamin K; was suspended in the supernatant frac- 
tion by thorough mixing. The lipid content of this fraction is 
relatively high and aids in the suspension of this fat-soluble vita- 
min. 


RESULTS 


Coupled Phosphorylation in Reconstituted Systems—Centrifuga- 
tion at 140,000 x g yielded a red particulate fraction (Fig. 1) 
which was relatively high in ribonucleic acid and phospholipide 
content. When tested separately, these particles failed to 
carry out coupled phosphorylation with any substrate tested 
except succinate. This activity with succinate was low in 
contrast to that in the crude homogenate (Table 1). 

As is shown in Table I, with succinate as electron donor, the 
addition of the supernatant fraction to the isolated particles 
restored both oxidation and phosphate esterification to approxi- 
mately the initial value. This reactivation was not accomplished 
by means of known cofactors or heated supernatant components. 
In both crude and fractionated svstems coupled phosphorylation 
was sensitive to low concentrations of DNP. With dialyzed 
supernatant preparations the esterification of inorganic phos- 
phate was dependent upon the addition of a phosphate acceptor 
system. 

The response of various other substrates to the isolated com- 
ponents and the recombined system is shown in Table II. The 
isolated particles oxidized only lactate but without phosphate 
esterification. This oxidation differs, therefore, from that 
described for veast (10). Neither the particles nor the soluble 
fraction oxidized appreciably any intermediate in the Krebs’ 
cycle except succinate, as noted above. However, both oxida- 
tion and phosphorylation with Krebs’ cycle intermediates were 
reconstituted by combining the particulate and supernatant 
fractions, but P:O ratios were lower than those obtained with 
the crude extract. P:O ratios greater than 1 were obtained 
with generated DPNH,’ malate, a-ketoglutarate and occasionally 


’ The fact that the P:O ratios with added DPNH are con- 
sistently half those observed when DPNH is generated by de- 
hydrogenases within the particles indicates that added DPNH 
fails to generate energy-rich phosphate bonds at the DPN level. 
The generation of energy-rich phosphate bonds at the DPN level 
appears to require the participation of bound DPN in bacterial 
particles possessing their original structural integrity. These 
results are in agreement with the conclusion, obtained with mam- 
malian mitochondrial preparations (11-14), that the added DPNH 
does not penetrate to internal sites of electron transport and is 
oxidized by a nonphosphorylative external pathway. However, 
in the bacterial system the soluble enzymes which form part of 
the external pathway must transfer electrons to an internal elec- 
tron acceptor, since the former do not link directly to oxygen in 
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Fig. 1. Fractionation of particles and supernatant from V. phlei 


DISCARD 


TaB_e [ 
Activation of isolated M. phlei particles by supernatant solution 


The system consisted of 0.4 ml. of particulate fraction contain- 
ing 9.1 mg. of protein per ml., 0.4 ml. of supernatant fraction con- 
taining 14.8 mg. of protein per ml., 0.8 ml. of crude homogenate 
containing 28 mg. of protein per ml., 20 uwmoles of succinate, 16 
umoles of P;, 2.5 umoles of AMP, 1 mg. of dialyzed veast hexo- 
kinase, 20 umoles of mannose, and H.O toa volume of1.3ml. The 
vessels with further additions contained 100 ug. of DPN, 100 ug. 
of TPN, and 8 X 10°°'m DNP. The reactions were carried out 
at 30° for 10 minutes. 


System | Oxidation | AP; | P:O 
atoms | pumoles 

Supernatant fraction..............| 0.94 | 0.5 | 0.53 
Particles + supernatant... | 62 | 6.1 | O@ 
Particles + supernatant + DNP.. 66 | 1.4 ~~ 0.21 
Particles + DPN + TPN......... 0.66 
Particles + heated supernatant. 1.48 | 0.6 | 0.4 


with succinate. Esterification of P; did not occur with chem- 
ically reduced lipoic acid. 

The recombined system (particles and soluble fraction), like 
the crude homogenate (7), was sensitive to uncoupling agents. 
This included DNP (10-4 and 8 x 10-° mM) which inhibited 
phosphorylation 94 and 79 per cent, respectively (see Table I); 
thyroxine (4 X 10-°M), 61 per cent; triiodothyronine (4 « 10-5 
M), 66 per cent; gramicidin (7 XK 10-° mM), 43 per cent; and Di- 
cumarol (7 X 10-5 mM), 67 per cent. The low inhibition with 
gramicidin has also been observed with crude extracts and is 
dependent upon the suspending medium (7). With KCN 


the absence of particles, and the phosphorylation observed with 
added DPNH thus occurs above the DPNH level. By generating 
the DPNH with the particulate system the phosphorvlation oc- 
curs on at least two levels, one at DPNH, and the other at the 
next electron acceptor. Further evidence on this point will be 
presented in a later communication. ' 
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TaBLeE II 


Activity of M. phlei fractions in presence of various substrates 


The conditions are similar to those described in Table I. The final concentration of substrates was as follows: 30 umoles per ml. of 
pyruvate, glutamate, a-ketoglutarate, succinate, fumarate, malate and lactate; and 5 umoles of DPNH and reduced lipoic acid. The 


reduced DPN was also generated enzymatically with glycerol dehydrogenase (9), 100 ug. of DPN, and 10 uwmoles of glycerol. 
acceptor system consisted of 2.5 uymoles of ADP, 20 umoles of mannose, and 1 mg. of yeast hexokinase. 


out at 30° for 15 minutes after the addition of substrates. 


The 
The reactions were carried 


Particles + supernatant 


Protein Particles Supernatant P:O 
Substrate | particles + 
Particles | Supernatant O2 | AP; Oz AP; | O2 AP; supernatant 
mg./ml. pp atoms | pmoles p atoms pmoles p atoms pmoles 
18.6 | 21.5 0 0 0.44 0 1.9 85 | 0.97 
a-Ketoglutarate................. 28.6 24.5 0 0 0.32 0.67 2.4 2.8 1.15 
30.6 31.1 3.4 | 2.4 0.41 0.11 8.3 6.2 0.75 
30.6 31.1 1.2 | 0 1.2 0 7.65 5.4 0.71 
35.2 36.0 0.65 10.8 1.6 
DPNH (enzymatic)............. 16.8 25.8 0.84 0.6 0.36 0 | 4.0 4.6 1.15 
noes 16.8 25.8 0 0 0.21 0 | 2.84 0 0 
B-Hydroxybutyrate.............. 30.6 31.1 0.18 0.75 0.64 3.9 0.54 
16.8 25.8 7.5 0 13.2 0 16.4 0 0 
5 1 914 8 1 +—8 dependent upon the amount of supernatant fraction added. 
< 5 Ae rene b . Hence, the P:O ratios diminished as the ratio of particles to 
E a - & — supernatant fluid increased.4 These kinetic studies suggest that 
6 135 Oo & 6 th d luti 
= Y = = = e crude supernatant solution may contain two components, 
3 fr a a one required for oxidation (Fig. 2 a) and the other for phos- 
Reconstitution with Fractionated Supernatants—Since the 
Eo supernatant fraction contains components necessary for both 
a fi b a = functions, analyses were made of certain enzymes in it which 
= | | es , may participate in electron transport and in phosphorylation. 
10 50 30 4 8 i2 The enzymes which mediate the transfer of electrons from DPNH 


Supernatant (mg. protein) Particles (mg. protein) 


Fia. 2. The effects of various concentrations of particles and 
supernatant on the rates of oxidation and phosphorylation. 

(a) The effects of increasing concentrations of supernatant frac- 
tion with a constant concentration of particles. The conditions 
are similar to those of Table I. In addition to the supernatants 
each vessel contained an equal amount of particles (6.2 mg. of 
protein), and 20 uzmoles of succinate. @——@, u atoms of oxygen 
uptake, X——-X, A umoles of P; . 

(b) The effects of increasing concentrations of particle with a 
constant concentration of supernatant fraction. A supernatant 
containing 10 mg. of protein was added to each vessel. 

Note that values for A P; are on a different scale in Fig. 2, 
a and b. 


(10-4 m) both oxidation and phosphate esterification were 
completely inhibited. 

Dual Role of Supernatant Fraction—The relative amounts of 
particulate and supernatant fractions required to reconstitute 
oxidation and coupled phosphorylation afforded insight into the 
contribution made by each of these components. With constant 
concentrations of particles and increasing concentrations of 
supernatant fluid (Fig. 2 a), both oxidation and phosphorylation 
increased in a parallel manner. The P:O ratios, therefore, did 
not increase significantly with increasing concentrations of the 
supernatant fluid. No inhibitions were observed with high 
concentrations of this fraction. With constant amounts of the 
supernatant fraction and increasing concentrations of particles 
(Fig. 2 b), the rate of oxidation increased in proportion to the 
concentration of particles. Esterification of Pi, however, was 


were of primary interest, since particles alone cannot oxidize 
this compound. The oxidation by combined particles and 
supernatant solution was sensitive to low concentrations of 
KCN, indicating that the particulate hemochromogens are in- 
volved. The supernatant fraction was found to contain the 
following enzymes known to be associated with electron trans- 
port: flavins, DPNH cytochrome c reductase, menadione re- 
ductase (5), a menadione-dependent cytochrome c reductase 
(15), and a riboflavin phosphate-linked cytochrome c reductase 
(15). It also contained ATPase and myokinase, which may be 
associated with phosphorylation. 

Chemical fractionation permitted investigation of the role in 
oxidative phosphorylation of the soluble enzymes found in the 
supernatant fraction. Many of these enzymes are either lost or 
denatured during fractionation. As shown in Table III, frac- 
tions capable of reconstituting oxidative phosphorylation (when 
combined with particles) were characterized by the presence of 
menadione reductase. This finding was of particular interest 
since Wosilait et al. (16) have shown that quinone reductase is 
unique in its sensitivity to DNP. The oxidation of DPNH by 
menadione reductase from M. phlei is also sensitive to low 
concentrations of DNP (5). 

The ammonium sulfate fractions were very interesting, since 
they revealed that the capacity to restore oxidative phosphoryla- 


‘With a low concentration of supernatant solution (3.5 mg. of 
protein, Fig. 2a) there was no apparent dependence of phosphoryl- 
ation upon addition of this fraction. However, this is a reflection 
of the inaccuracy of the method of analysis with low activity. 
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Taste III 
Fractionation of M. phlei supernatant solution 
The conditions are similar to those described in Table I. The acceptor system consisted of 2.5 umoles of ADP, 1 mg. of yeast hexo- 


kinase, and 20 umoles of mannose. 


In Experiment 4 the nucleic acid content was 17.5 per cent before treatment and 3.0 per cent after 


treatment. 
Protein 
Fractionation procedure Oxygen AP; P:O 
Particles | Supernatant 
mg./ml. umoles H/min. p atoms /min./mg. pmoles/min./meg. 
Experiment 1 
25.6 31.6 0.036 0.024 0.027 1.1 
Ammonium sulfate................ 25.6 33.6 0.021 0 0 0 
Ammonium sulfate + heated su- 
25.6 33 .6 0.021 0.130 0.140 1.05 
Heated supernatant............... 25.6 0 0 | 0 0 
Experiment 2 | 
24.2 33.3 0.042 0.059 | 0.046 0.78 
Acetone............ | 24.2 6.6 0.061 0.250 0.175 0.70 
Experiment 3 
Electrophoresis................... 13.6 1.9 0.790 0.280 0.410 1.4 
Experiment 4 | 
| 16.8 2 0.062 0.051 0.025 0.49 
Protamine..... | 16.8 | 15.7 0.086 0.120 0.075 0.62 
Experiment 5 | 
Procedures 1,3 and 4 above...... | 28.5 | 9.0 | 0.168 | 0.245 1.4 
TABLE IV 


tion was also dependent upon stable cofactors provided by heat- 
inactivated supernatant solutions. Electrophoresis and acetone 
fractionation, on the contrary, served primarily to remove non- 
essential components. Fractionations with protamine showed 
that activity was not reduced by removal of the major portion 
of the nucleic acid. It is apparent that in all reconstitutions 
the increased phosphorylations paralleled the increased rates of 
oxidation. 

It did not prove possible to separate the soluble enzymes 
which are necessary for oxidation and for phosphorylation. 
Both functions may depend upon one protein component or upon 
proteins which have similar physical characteristics. However, 
the phosphorylative capacity of the most extensively fractionated 
solution (Fig. i d) was destroyed by exposure to 56° for 5 min- 
utes, whereas oxidative activity remained. It has not been 
possible to determine whether this residual oxidation can be 
linked to phosphorylation by further supplementation, or 
whether it represents a pathway incapable of phosphorylation, 
similar to that shown in Table IV. 

Cofactors Required with Enzymes of Fractionated Preparations— 
Although it has not been possible to separate the oxidative from 
the phosphorylating enzymes, it has been possible to identify 
certain cofactors necessary for oxidation and for phosphoryla- 
tion. Treatment of the fractionated preparations (Fig. 1, c or 
d) with acid ammonium sulfate according to the method of 
Warburg and Christian (17) resulted in preparations which failed 
to promote oxidation or coupled phosphorylation (Table IV). 
The addition of crude heated supernatant components restored 
oxidation and some phosphorylation, and supplementation with 
vitamin K, further increased the phosphorylation 3-fold. Fur- 
thermore, the crude heated supernatant components could be 
replaced by a mixture of FAD and vitamin K;. Vitamin K;, 
by itself did not restore oxidation whereas FAD did restore it. 


Activation by vitamin K, and FAD 


The vessels contained 0.4 ml. of particulate fraction (22 mg. of 
protein per ml.), 0.3 ml. of acid ammonium sulfate-treated super- 
natant fraction (TS) (14.8 mg. of protein per ml.), 20 umoles of 
malate, 10 umoles of P;, 2.56 umoles of ADP, 1 mg. of yeast hexo- 
kinase, 20 umoles of glucose, 15 umoles of MgCl:, 25 umoles of KF, 
and H.O to a final volume of 1.3 ml. In addition, in Experiment 
2 the vessels contained 0.3 ml. of particulate fraction (6.6 mg. of 
protein per ml.), 0.3 ml. of acid ammonium sulfate-treated super- 
natant fraction (TS) (11.6 mg. of protein per ml.), and 3.0 umoles 
of P;. The following additions were made as indicated: 100 ug. 
of FAD, 500 ug. of FMN, and 3 mg. of vitamin K,; suspended di- 
rectly in the treated supernatant fraction. The reactions were 
run for 20 minutes at 30°. 


System Additions Oxygen | Pj P:O 
atoms \pmoles 
Experiment 1 
Parties. ........... None 0.54 | 0.0 | 0.0 
None 0.16 | 0.0 | 0.0 
Particles + TS..... None 0.84 | 0.1 
Particles + TS..... Vitamin K, 0.76 | 0.2 
Particles + TS..... Crude supernatant | 3.6 | 0.7) 0.19 
Particles + TS..... Vitamin K,; + crude | 2.74 | 2.0 | 0.72 
supernatant 
Experiment 2 
Particles + TS..... None 0.0 | 0.0 | 0.0 
Particles + TS..... FAD 2.26 | 0.4 | 0.18 
Particles + TS..... FMN 1.28 | 0.0 | 0.0 
Particles + TS..... Vitamin K, 0.0 | 0.0 | 0.0 
Particles + TS..... FAD + vitamin K; | 2.40 | 1.6 | 0.67 
Particles + TS..... FMN + vitamin K; | 1.58 | 0.0 | 0.0 


* TS represents treated supernatant fraction. 
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TABLE V 
Specificity of phosphate acceptor system 
The phosphate acceptor system consisted of 5 wmoles of each 
nucleoside. In addition the vessel contained 0.4 ml. of ammo- 
nium sulfate-fractionated supernatant fluid (8.3 mg. of protein 
per ml.), 0.3 ml. of particulate fraction (13.5 mg. of protein per 
ml]. in Experiment 1, and 21.5 mg. of protein per ml. in Experi- 


ment 2). The reactions were carried out at 30° for 10 minutes 
after the addition of 5 umoles of DPNH. 
Experi- 
ment Acceptor Oxygen AP; P:O 
No. 
p atoms pmoles 
1 Nucleoside 5’-diphosphate 
ADP 3.32 2.9 | 0.87 
CDP 3.03 2.1 | 0.69 
UDP 3.22 2.1 | 0.65 
IDP 3.18 0.0 | 0.0 
GDP 3.56 0.0 | 0.0 
2 Nucleoside 5’-triphosphate 
ATP 3.32 0.1 
CTP 2.66 0.1 
UTP 3.04 0.0 
ITP 3.32 0.0 
GTP 2.94 0.0 
TaBLe VI 


DNP sensitivity of M. phlei particles and supernatant fraction 


The system consisted of 0.3 ml. of particles, 0.3 ml. of ammo- 
nium sulfate-fractionated supernatant liquid, or 0.3 ml. of super- 
natant fluid treated with DNP (1 X 10-4M) and then fractionated 
with ammonium sulfate, 2,4-diaminophenol (2 10-5 M) as indi- 
cated, 15 umoles of MgCle, 25 umoles of Kf, 20 umoles of suc- 
cinate, and 0.2 ml. of crude heated supernatant fluid. The phos- 
phate acceptor system consisted of 2.5 umoles of ADP, 1 mg. of 
yeast hexokinase, and 20 umoles of glucose. The reactions were 
carried out at 30° for 20 minutes. 


| Protein 


Preparation | Oxygen | AP; P:O 
Parti- | Super- 
cles natant 
mg./ml. atoms | pmoles 

Crude supernatant...........| 10 40 4.32 4.6 | 1.1 
Fractionated supernatant..... 10 21.6 | 2.18 | 4.0 | 1.8 
DNP-treated fractionated su- 

10 21.0 | 2.8 1.7 | 0.61 
DNP-treated fractionated su- 

5 21.0 3.30) 1.0 | 0.30 
DNP-treated fractionated su- | | 

pernatant + 2,4-diamino- | | 

5 21.0 3.34 | 2.4 | 0.72 
4.9 21.6 3.78 | 2.8 | 0.74 
DNP-treated particles.......... 4.8 | 21.6 3.36 3.2 | 0.97 


With FAD alone there was some phosphorylation which probably 
is a reflection of the amount of vitamin K left in the particles. 
Riboflavin phosphate alone partially restored oxidation but not 
esterification of P;. 

Since both the ATPase and the myokinase activity were lost 
during fractionation, it was possible to test for the specific 
requirements of the phosphate acceptor system. Like the 
mammalian mitochondrial system (18) this bacterial system was 
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specific for ADP. In the absence of myokinase and ATPase 
neither AMP nor ATP served as acceptors. Other nucleoside 
5’-triphosphates were also ineffective (Table V). Other nucleo- 
side 5’-diphosphates appeared to act as phosphate acceptors, 
but the activity observed apparently was attributable to traces 
of ADP since, after oxidation had occurred, only ATP and the 
diphosphate tested were found in chromatographed reaction 
mixtures. 

DNP. Sensitivity—To gain insight into the mechanism of 
uncoupling by DNP, the particulate and supernatant fractions 
were treated separately. The crude supernatant solution was 
divided into two aliquots. One was treated with DNP (1 x 
10-4 m) for 10 minutes and the other with water. Both were 
then fractionated with ammonium sulfate. The precipitates 
(30 to 60 per cent saturation) were resuspended in H;O and 
dialyzed with agitation for 24 hours. When these fractions 
were combined with untreated particles, only that from the 
DNP-treated supernatant preparation had lost most of its 
activity with regard to phosphorylation (Table VI). In contrast, 
when particles were incubated for 10 minutes with 10-4 m DNP, 
centrifuged, and resuspended in 0.1 mM KCl, there was no decrease 
in the level of oxidation and phosphorylation on testing in 
combination with the untreated supernatant fraction. It can 
be concluded that the DNP is firmly bound to the soluble frac- 
tion but not to the particles. | 

Although the DNP appears to be firmly bound to proteins of 
this fraction (5), reactivation of the DNP-supernatant prepara- 
tion was accomplished by low concentrations of 2,4-diamino- 
phenol. This compound therefore appears to be capable of 
replacing the bound DNP. Reversal of DNP inhibition by 
2,4-diaminophenol can also be demonstrated in crude homog- 
enates. 2,4-Diaminophenol has previously been shown to be 
ineffective as an uncoupling agent with crude homogenates (7). 

Extracts of Azotobacter, in contrast to those described above, 
are insensitive to DNP (1, 3, 19). Like the mycobacterial 
system, the Azobacter system can be separated into a particulate 
and supernatant fraction (1), both necessary for activity with 
certain substrates. It was possible, therefore, to test various 
combinations of the particles or soluble components from the 
M. phlei system with corresponding components from Azotobacter 
vinelandit (Table VII). In these “cross over’ experiments 
either supernatant fraction would restore oxidation and phos- 
phorylation with the particles from either species. However, 
DNP sensitivity was observed only in experiments in which the 
M. phlei supernatant fraction was used. These results again 
indicate that DNP sensitivity is associated with the soluble 
fraction of M. phlei. “Cross over’ experiments between M. 
phlet and Corynebacterium creatinovorans are also described in 
Table VII. 


DISCUSSION 


Bacteria and mammals obtain energy by coupling phosphoryla- 
tion to oxidation. The mechanism appears to be similar in both 
systems, since they exhibit similar properties with regard to 
sensitivity to inhibitors and uncoupling agents, dependence 
upon structural integrity of particles, and specificity of the 
phosphate acceptor system. However, whereas all the activity 
in mammalian systems resides in whole or fragmented particles, 
in the mycobacterial system some of the required factors have 
been solubilized during the disruptive process. This property 
of the bacterial system has provided a new tool for studying the 
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TaBLeE VII 
“Cross over’’ of particles and supernatant fractions from various species 
Conditions are similar to those of Table I. In Experiment 1 M. phlez particles (6.7 mg. of protein) were combined with either M. 


phlet supernatant fluid (10.8 mg. of protein) or Azotobacter supernatant fluid containing 7.5 mg. of protein. 


In Experiment 2 Azoto- 


bacter particles (3.0 mg. of protein) were combined with either M. phlei supernatant fluid (9.2 mg. protein) or Azotobacter supernatant 
fluid (3.3 mg. of protein). The vessels in Experiment 3 contained C. creatinovorans particles (5.1 mg. of protein) and M. phlei super- 
natant fluid (5.3 mg. of protein) or M. phlet particles (5.2 mg. of protein) and C. creatinovorans supernatant fluid (12.6 mg. of pro- 


tein). In Experiments 1 and 2 a-ketoglutarate (20 umoles) was used as substrate and succinate (20 umoles), in Experiment 3. 
| Oxygen AP; P:O 
Particles Supernatant 
| DNP | DNP DNP 
pw atoms /10 min. pmoles/10 min. 
1 M. phlei M. phlei 2.6 | 2.0 2.1 | 0.6 0.83 0.30 
A. vinelandii 4.0 4.1 2.6 | 2.4 0.65 0.59 
2 A. vinelandii M. phlei | 3.5 3.3 2.5 | 0.0 0.72 0.0 
A. vinelandii | 8.1 7.7 ee 3.3 0.31 0.30 
3 C. creatinovorans M. phlei | 1.8 1.5 0.83 
C. creatinovorans | 2.4 1.9 | 0.79 
M. phlei creatinovorans | 3.2 | | 2.3 | 0.72 


mechanism of coupled phosphorylation and of protein bio- 
synthesis (20). 

The distribution of enzymes known to participate in electron 
transport provides evidence for the combined role of particles 
and soluble components in coupled phosphorylation. Since 
active particles provide functional cytochrome pigments as 
evidenced by the limited oxidation and phosphate esterification 
with succinate and dehydrogenases (2), it is evident that the 
effective electron transport, which is associated with phos- 
phorylation, must occur in the particles. Attempts to obtain 
coupled phosphorylation with particles alone, by reduction of 
the cytochrome pigments, have been unsuccessful. 

Reconstitution of oxidative phosphorylation with most sub- 
strates is dependent upon soluble enzymes and coenzymes in 
the supernatant fraction. With regard to oxidation the data 
suggest that the particles and soluble components participate in 
the following sequence. Reduction of particle-bound DPN is 
accomplished by the dehydrogenases within the particles. Since 
the particles cannot oxidize DPNH, and require addition of the 
supernatant fraction to mediate the transfer of electrons, it 
would appear that this step in the oxidative sequence is de- 
pendent upon soluble factors. The supernatant components 
alone cannot oxidize DPNH at an appreciable rate and require 
the participation of particles which contain the respiratory pig- 
ments to transfer electrons to oxygen. 

The supernatant fraction appears to contain also a protein 
component(s) which is necessary for phosphorylation. The 
esterification of P; is dependent on the concentration of this 
fraction (Fig. 2 6). The phosphorylative components in frac- 
tionated supernatant preparations is more labile than the oxida- 
tive factor which may indicate that these functions depend on 
different proteins. Fixation of DNP by thesupernatant fraction 
and not by the particles suggests that the site of action of this 
uncoupling agent is on a soluble factor. However, it is also 
possible that the particles contain the DNP-sensitive site and 
the soluble fraction merely acts as a vehicle. Both alternatives 
are consistent with the DNP insensitivity of the Azotobacter 
svstem which becomes sensitive in the presence of the super- 
natant fraction from M. phlez. 


Particles from Azotobacter (21) have been observed to carry 
out coupled phosphorylation with DPNH or succinate, whereas 
fumarate and a-ketoglutarate required addition of the super- 
natant fraction. The stimulation by this fraction was at- 
tributed to removal of oxalacetate inhibition. With M. phlei 
preparations the supernatant fraction is necessary for DPNH 
oxidation and for phosphorylation. Although the two systems 
differ in this respect, this fraction from either reconstitutes the 
activity of both types of particles. A requirement for a super- 
natant fraction for oxidation and phosphorylation with glutamate 
and isocitrate has also been demonstrated with submitochondrial 
particles from sonic extracts of rat liver mitochondria (22). 
However, this stimulation was attributed to the solubilization 
of the corresponding dehydrogenases. 

A role for vitamin K in oxidative phosphorylation was sug- 
gested by Martius and Nitz-Litzow (23) from their observations 
of the uncoupling effect of Dicumarol. They also found that 
mitochondria from vitamin K-deficient chicks (24) yielded 
lower P:O ratios than those from normal chicks and that addi- 
tion of vitamin K raised the P:O ratios. The importance of 
vitamin K or a closely related compound in the bacterial system 
was suggested both by the association of menadione reductase 
activity with fractionated preparations capable of reconstituting 
coupled phosphorylation, and by the uncoupling effects of 
Dicumarol. With the fractionated bacterial system a require- 
ment of vitamin K; and FAD for restitution of oxidation and 
phosphate esterification was demonstrated after extensive 
fractionation and for vitamin K;, alone following treatment with 
light (6, 25). These observations are consistent with those 
reported for the mammalian system. The role of vitamin K as 
a coenzyme in electron transport and coupled phosphorylation 
will be considered in greater detail in subsequent communica- 
tions. 


SUMMARY 


The mycobacterial system which couples phosphorylation to 
oxidation can be separated by differential centrifugation into a 
particulate and a soluble fraction. Both fractions are required 
for oxidation and for esterification of inorganic phosphate. 
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The soluble fraction contains heat-labile factors necessary for 
oxidation and phosphorylation as well as heat-stable components 
and can be fractionated by chemical procedures. The soluble 
enzymes necessary for reduced diphosphopyridine nucleotide 
oxidation were followed with fractionation and an association 
was found of menadione reductase activity with preparations 
capable of reconstituting coupled phosphorylation. A require- 
ment for vitamin K, and flavin adenine dinucleotide was demon- 
strated with an apoenzyme preparation after treatment with 
acid ammonium sulfate. By use of the fractionated system 
adenosine diphosphate was found to be the specific phosphate 
acceptor. 

The reconstituted system, like the crude extract, is sensitive 
to uncoupling agents. Uncoupling of phosphorylation by 
2 ,4-dinitrophenol was studied with the fractionated system and 
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is associated with an interaction with the supernatant fraction 
and not demonstrably with the particles. Reversal of the 
2,4-dinitrophenol effect was obtained with low concentrations 
of 2 ,4-diaminophenol. 

Coupled phosphorylation could also be demonstrated with 
combinations of particles and soluble fractions from different 
bacterial species. The association of 2,4-dinitrophenol effect 
with the supernatant fraction was also observed in “cross over” 
systems. 
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Dehydrogenase Activity of the Tissues in Scurvy* 
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It has been shown that citrate, malate, and lactate, which 
accumulate in increased amounts in tissues of scorbutic guinea 
pigs, return almost to normal concentrations when the animals 
receive small doses of insulin for a prolonged period of time 
during the scorbutic regime (1). It was, therefore, of interest 
to study the enzyme systems concerned in the oxidation of these 
intermediates of carbohydrate metabolism. The present in- 
vestigation deals with determination of succinic, malic, isocitric, 
and lactic dehydrogenase activity of tissues of normal, scorbutic, 
and insulin-treated scorbutic guinea pigs. In view of the pos- 
sible protective action of sulfhydryl compounds on the dehydro- 
genases (2, 3), tissue content of the total nonprotein sulfhydryls 
has been estimated. Pyridine nucleotides which act as coen- 
zymes in some of the dehydrogenases have also been determined 
in the tissues of guinea pigs under the various treatments. 


EXPERIMENTAL 


Selection of guinea pigs, division of the animals into groups of 
one normal, one scorbutic, and one insulin-treated scorbutic 
guinea pig, feeding them the scorbutic diet, injection of insulin, 
and so on, were carried out as described previously (1). 

Preparation of Tissue Homogenate—In the 4th week of the 
regime with the scorbutic diet, the guinea pigs were stunned by 
a sudden blow on the head and decapitated. Tissues were 
quickly removed, chilled, and homogenized in an ice-cooled, all 
glass homogenizer of the Potter-Elvehjem type (4). Aliquots 
of the homogenates were used for the assay of dehydrogenase 
activity and for the estimation of pyridine nucleotides and non- 
protein sulfhydryl compounds. In every experiment, 1 ml. of 
the homogenate was dried to a constant weight to determine 
the dry weight of the tissue. 

General Methods—The activity of the enzymes, succinic, malic, 
isocitric, and lactic dehydrogenases, was estimated by the 
method of Thunberg (5) with methylene blue as the hydrogen 
acceptor. The systems used for different dehydrogenases may 
be seen in Table I. 

Sodium cyanide was incorporated into both the malic and 
lactic dehydrogenase systems to prevent the inhibition of the 
enzymes by respective oxidative products, oxaloacetic and 
pyruvic acids. 

The amount of the tissue homogenate used varied according 
to the type of the tissue taken. 90 per cent decolorization of 
the dye was taken as the end point. The time required for this 
end point reduction was noted by comparing the color of the 
experimental tubes with that of the tube containing 0.25 ml. 
of 0.0001 m methylene blue and heat-inactivated enzymes. A 


* This work was aided by financial grants from the Indian 
Council of Medical Research. 


control tube with no substrate was used to determine the extent 
of reduction by the homogenate alone. The activity of the 
enzyme was expressed in terms of Qu, which is the volume of 
hydrogen in ul. equivalent to methylene blue reduced in the 
presence of the substrate in 1 hour per mg. of dry tissue. Tissues 
studied for dehydrogenase activity were liver, kidney, brain, 
skeletal muscle, and heart. Results are shown in Tables II to 
VIL. 

Pyridine nucleotide content of blood, erythrocytes, liver and 
kidney were estimated by the method of Levitas et al. (10). 
Alkali-acetone condensation reaction was carried out in the 
trichloroacetic acid filtrate of blood and tissue homogenates. 
An internal standard of N’-methyl nicotinamide was employed. 
The results were expressed in terms of DPN. The propor- 
tionality factor of N’-methyl nicotinamide and DPN was found 
according to Levitas et al. (10) by preparing standard curves of 
both. This factor (DPN:N’-methy] nicotinamide), which was 
found to be 1:3, was used in the calculation of the results. The 
results for tissues were expressed in terms of ug. of DPN per 
gm. of dry tissue. The results for blood and erythrocytes were 
calculated in terms of ug. of DPN per ml. of blood and erythro- 
cyte on the basis of the recovery value and simultaneously 
determined hematocrit value. Results are shown in Table VIII. 

Total nonprotein sulfhydryl content of liver, kidney, pancreas, 
and blood was estimated in the sulfosalicylic acid filtrate by the 
method of Gilman et al. (11). Results are shown in Table IX. 


RESULTS 


Succinic, malic, and lactic dehydrogenase activities of liver, 
kidney, brain, skeletal muscle, and heart tissues of scorbutic 
guinea pigs were found to be moderately decreased in comparison 
to the values found in normal controls. Prolonged insulin 
treatment of the deficient animals increased the activity of these 
enzymes almost to normal. No significant change in the activity 
of isocitric dehydrogenase was observed in the tissues of normal, 
scorbutic, and insulin-treated scorbutic animals. Insulin treat- 
ment did not affect the activity of succinic and malic de- 
hydrogenases in normal guinea pigs. 

Pyridine nucleotide content of liver, kidney, and erythrocytes 
did not change in normal, scorbutic, and insulin-treated scorbutic 
guinea pigs. Total nonprotein sulfhydryl content of liver, 
kidney, and pancreas decreased in scurvy in comparison to 
normal. Striking improvement in the sulfhydryl content in 
liver and pancreas was observed in the insulin-treated scorbutic 
guinea pigs. Sulfhydryl content of the blood, however, did 
not change in the normal, scorbutic, and insulin-treated scorbutic 
animals. 


405 


| 
| 
| 
} 
| 
t | 
| 
| 
|| 


TABLE 
Systems used for different dehydrogenases 


Dehydrogenase Activity in Scurvy 


Succinic Malic Isocitric Lactic dehy- 
dehydrogenase dehydrogenase dehydrogenase! drogenase 
(6)* (7)* (8)* (9)* 
mil. mil. ml, ml. 
Methylene blue 0.25 0.25 0.25 0.25 
(0.001 m) 
Phosphate buffer 1.25 1.00 1.00 
(m/15) | | 
Tris(hydroxy- | 
methy])amino- | | 
methane buffer | 
(0.2 m) 
NaCN (2 om) 0.2 0.2 
DPN (3 X 10-4 m) 0.2 0.2 
TPN(2 X 10-4 m) 0.25 
Final volume 3.0 3.0 3.0 3.0 
Substrate 0.5 1.0 0.25 0.2 
(0.5m Na | (0.1 mM Na (0.001 m Na\(0.05 m Ca 
succinate) | malate) isocitrate); lactate) 
pH of reaction 7.3 7.2 7.4 7.4 
Temperature of a7 37 .0° 37 .5° 37 .5° 
incubation 


* The numbers in parentheses are references. 


TABLE II 


Succinic dehydrogenase activity in tissues of normal, scorbutic, and 
insulin-treated scorbulic guinea pigs 


| Kidney | | 
Normal (8)f....... 2.13 2.64 2.54 2.48 
+ 0.144¢f + 0.22 > 4+ 0.14 + 0.13 
Scorbutic (8)............ 1.39 1.54 1.08 
+ 0.10 + 0.11 | + + 0.13 
Insulin-treated scorbutic 
1.96 2.21 1.89 2.07 
| + 0.17 | 0.14, 20.14 + 0.11 
Statistical analysis ¢ values 
| 
Animals Liver | Kidney Brain — 
Between normal = and | 
| 7 7.7§ 
Between normal and in- | 
sulin-treated scorbutic. O.8 1.6 3.3§ 2.3§ 
Between -scorbutiec and | 
insulin-treated scorbu- | | 
| 2.75 | 3.4% 4.1§ 4.8§ 


* Qu. = ul. of He per mg. of dry tissue per hour; temperature = 
37.2°; pH = 7.3; methylene blue = 0.001 mo. 

+ Figures in parentheses denote the number of animals used. 

t Mean + standard error. 

§ Significant at 5 per cent level. 


DISCUSSION 


Whereas reports on the marked alteration of enzyme activity 
on addition of ascorbic acid in isolated enzyme systems are 
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TABLE III 


Succinic dehydrogenase activity in tissues of three normal guinea 
pigs treated with insulin 


1 1.96 2.60 2.55 2.13 
2 2.88 2.86 2.06 2.56 
3 2.00 2.83 2.45 2.23 


* Qu. = ul. of He per mg. of dry tissue per hour; temperature = 
37.2°; pH = 7.3; methylene blue = 0.001 m. 


TaBLeE IV 


Malic dehydrogenase activity in tissues of normal, scorbutic, and 
insulin-treated scorbutic guinea pigs 


Skeletal 
Animals | “Ome? | | muscle | 
Normal (6)T......... 1.81 2.69 0.96 0.82 2.55 
+0.06 | +0.16 | +0.05 | +0.06 | +0.14 
Scorbutic (6)........ 0.70 1.32 0.72 0.59 1.44 
+0.05 | +0.08 | +0.05 | +0.05 | +0.15 
Insulin-treated scor- 
46)... 1.18 2.84 1.05 0.77 2.66 
+0.09 | +0.20 | +0.05 | +0.06 | +0.20 
Statistical analysis ¢ values 
Animals Liver Kidney Brain oe Heart 
Between normal and 
scorbutic......... 5.6f 7.3] 2.71 5.2} 
Between normal and 
insulin-treated 
scorbutic......... | 0.008 0.5 1.1 0.4 0.5 
Between scorbutic 
and insulin- | 
treated scorbutic... 4.5t | 6.94 4.2t 4.8t 2.32 


* Qu. = wl. of He per mg. of dry tissue per hour; temperature = 
37°; pH = 7.2; methylene blue = 0.001 M. 

+ Figures in parentheses indicate the number of animals. 

t Significant at 5 per cent level. 


TABLE V 


Malic dehydrogenase activity in tissue of three normal guinea pigs 
treated with insulin 


| 
0.71 2.86 0.81 
3 | 1.02 | 2.33 0.88 2.71 0.82 


* Qu. = ul. of He per mg. of dry tissue per hour; temperature = 
37°; pH = 7.2; methylene blue = 0.001 M. 


numerous (12), relatively few works are reported on the activity 
of enzyme systems of the Krebs’ cycle in ascorbic acid deficiency. 
Harrer and King (6) observed a marked decrease in succinic 
dehydrogenase and a moderate decrease in cytochrome oxidase 


In 
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Lactic dehydrogenase activity in tissues of normal, scorbutic, and 
insulin-treated scorbutic guinea pigs 


TaBLe VI 


S. Banerjee, D. K. Biswas, and H. D. Singh 


—_—- 


Skeletal 


| 
| 
Normal (8)f......... 0.55 0.90 1.24 1.51 1.18 
+0.044 +0.033 +0.098) +0.099| +0.054 
Scorbutie (8)........ 0.34 0.52 0.56 0.68 0.64 
+0.056 +0.041 +0.047 +0.062 +0.07 
Insulin-treated scor- 
0.53 0.95 | 0.88 1.23 1.00 
+0.037 +0.048 +0.023) +0.075) +0.051 
Statistical analysis ¢ values 
Animals Liver Kidney | Brain — | Heart 
Bet ween normal and | 
scorbutic.......... 3.0 | 7.1% | 6.2% | 7.1% | 6.0% 
Between normal and | 
insulin-treated | 
scorbutic...... 0.3 0.9 | 3.6f 2.2f 2.4f 
Between scorbutic | 
and insulin-treated | 
scorbutic.......... 2.8} 6.8f | 6.0f 4.1f 


* Qu. = ul. of He per mg. of dry tissue per hour; temperature = 


37.5°; pH = 7.4; methylene blue 


0.001 M. 


+ Figures in parentheses indicate the number of animals. 
t Significant at 5 per cent level. 


TaB_LeE VII 
Isocitric dehydrogenase activity in tissues of normal, scorbutic, and 


insulin-treated scorbutic guinea pigs 


Ras | Skeletal 
| 
Normal (8)f......... 4.01 3.99 1.58 0.66 1.33 
+0.23 +0.35 +0.14 0.058 +0.11 
Scorbutie (8)........ 3.95 4.22 1.49 0.63 1.36 
+0.17 | +0.33 | +0.21 +0.06 | +0.12 
Insulin-treated 
scorbutie (5)...... 3.66 4.22 1.53 0.61 1.41 
+0.15 | +0.15 +0.03 | +0.03 | +0.11 
Statistical analysis ¢ values 
Animals Liver Kidney Brain peo Heart 
Between normal and 
scorbutie......... 0.18 0.47 0.34 0.35 0.15 
Bet ween normal and | 
insulin-treated | 
scorbutic...... 1.1 0.59 0.32 | 0.7 0.43 
Between scorbutic | | 
and insulin-treated | | | 
scorbutic.......... 1.2 | 0 0.16 | 0.30 0.30 


* Qu. = wl. of He per mg. of dry tissue per hour; temperature = 


37.5°; pH = 7.4; methylene blue 


0.001 M. 


+ Figures in parentheses indicate the number of animals. 


TaBLeE VIII 
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Pyridine nucleotide content of tissues of normal, scorbutic, and 
insulin-treated scorbutic guinea pigs 


Animals Liver* | Kidney* | Bloodt | Prytheo 
Normal (8)t............| 650 362 37.33 | 85.83 
«£38.40 436.3 | 41.33 | 43.85 
| 
Scorbutic 695 16.83 79.3 
| +35.8  +31.2 41.80 45.07 
Insulin-treated scorbutic 
 +20.6 +3.17 | +8.06 
Statistical analysis ¢ values 
Animals Liver | Kidney Blood Erythrocyte 
Between normal and scor- | 
0.84 | 0.79 | 9.1§ 1.02 
Between normal and in- | 
sulin-treated scorbutic. 1.1 0.71 | 4 .8§ 0.44 
Between scorbutiec and | | 
insulin-treated scorbu- | | | 


* Values are expressed in wg. per gm. of dry 


tissue. 


+ Values are expressed in wg. per ml. of blood or erythrocyte. 
{ Figures in parentheses indicate the number of animals. 


§ Significant at 5 per cent level. 


TaBLeE IX 


Total sulfhydryl content of tissues of normal, scorbutic, and insulin- 


treated scorbutic guinea pigs 


Animals | Liver* Kidney | 
Normal (6)¢............| 543 | 348 

| 17.6 | £14.7 
| 
(6)... .....2... | 348 | 260 
15.1 234.2 | 
Insulin-treated scorbutic | 
+12.4 | 


Pancreas 


316 
+14.5 


464 
+21 .9 


Bloodt 


103 
+4.0 


104 
+3.5 


Statistical analysis ¢ valuesi 


Animals Liver Kidney i 

Between normal and scor- 

Between normal and in- | | 

sulin-treated scorbutic ae 
Between scorbutie and | 

insulin-treated scorbu- | | 


Pancreas 


5.4§ 


0.2 


+ Values for blood are expressed in mg. per 100 ml. 
{ Figures in parentheses indicate the number of animals. 


§ Sivnificant at 5 per cent level 


* Values are expressed in mg. per 100 gm. of dry tissue. 


| 
+10.1 
+5 
Blood 
| 17.48 | 0.1 
6. 6§ 0.1 
| 


activity of heart and skeletal muscles parallel to ascorbic acid 
depletion. Phillips et al. (13) also observed a decreased indo- 
phenol oxidase activity in liver in scurvy. Takeda and Hara 
(14) reported a marked decrease of liver aconitase activity in 
ascorbic acid-deficient guinea pigs. An alteration in the quality 
and the quantity of the enzymes might be either a direct result 
of ascorbic acid depletion or indirectly due to endocrine changes 
associated with scurvy. 

The activity of succinic, malic, and lactic dehydrogenases was 
found to be decreased in scurvy. The effect of insulin treatment 
was to restore the enzyme activity to normal. Insulin injection 
in normal animals was, however, without any effect on the 
succinic and malic dehydrogenase activity. This possibly shows 
that the effect of ascorbic acid deficiency on these enzyme 
systems is indirect through diminished formation of insulin. 
The relative importance of this decreased enzyme activity in 
relation to the depression in the over-all carbohydrate metabolism 
in scurvy observed previously (1, 15) is not definitely known. 
On the basis of the data presented, it may be indicated that the 
decreased malic and lactic dehydrogenase activities are possibly 
responsible for increased tissue content of malic and lactic 
acids in scurvy. The effect of the insulin treatment of the 
deficient animals in increasing the dehydrogenase activity to 
normal parallels its effect in lowering the tissue concentration 
of lactic and tricarboxylic acids to normal. Increased accumula- 
tion of citrate in the tissues of scorbutic animals was supposed 
to be due to a decreased activity of the enzyme or enzymes 
intimately concerned with citrate oxidation (1), particularly 
the aconitase, which was found to be markedly decreased 
in activity (14). As isocitric dehydrogenase activity did not 
change in scurvy, it, perhaps, cannot be a factor responsible for 
increased citrate accumulation in the scorbutic tissues. 

As the tissue content of pyridine nucleotides did not change 
in scurvy, the depressed oxidative processes of the Krebs’ cycle 
in ascorbic acid deficiency cannot, perhaps, be attributed to a 
quantitative decrease of the pyridine nucleotide coenzymes. 
Hopkins et al. (2) have shown that succinic dehydrogenase 
requires for its activity the integrity of —SH groups in its 
structure whereas this is not the case with other typical dehydro- 
genases such as a-glycerophosphate, lactic, malic, and alcohol 
dehydrogenases. Barron and Singer (3) have also shown that 
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lactate oxidase, isocitrate oxidase, and cytochrorie oxidase are 
not inhibited by sulfhydryl reagents. To correlate tie decreased 
tissue sulfhydryl content with decreased dehydrogenase activity 
in scurvy is rather dubious. However, it is interesting to note 
the parallel effects of insulin treatment in increasing both 
sulfhydryl content and dehydrogenase activity of tissues studied, 
with the exception of the kidney. 

The marked effect of insulin administration on the enzyme 
systems of the Krebs’ cycle provides strong evidence in favor 
of the suggestion of several workers that insulin is involved in 
the metabolism at the level of the Krebs’ cycle (16). Whether 
insulin acts on these enzyme systems by affecting a quantitative 
increase or by restoring the mutual accessibility of the various 
components of the complex enzyme systems is a matter of 
speculation. 


SUMMARY 


1. Succinic, malic, isocitric, and lactic dehydrogenase activities 
of liver, kidney, brain, skeletal muscle, and heart tissues of 
normal, scorbutic, and insulin-treated scorbutic guinea pigs 
were determined by the Thunberg method. 

2. Succinic, malic, and lactic dehydrogenase activities were 
moderately decreased in scurvy. Striking improvement of the 
enzyme activity was observed after prolonged treatment of the 
scorbutic animals with insulin. No change in the isocitric 
dehydrogenase activity was observed in normal, scorbutic, and 
insulin-treated scorbutic guinea pigs. 

3. Insulin treatment had no effect on the activity of succinic 
and malic dehydrogenases in normal guinea pigs. 

4. No significant change in the pyridine nucleotide content of 
liver, kidney, and erythrocytes was observed in normal, scorbutic, 
and insulin-treated scorbutic guinea pigs. 

5. Total nonprotein sulfhydryl content of liver, kidney, and 
pancreas decreased significantly in scurvy in comparison to 
normal. Marked improvement of the sulfhydryl content of 
liver and pancreas was observed after insulin treatment of the 
deficient animals. No change was observed in the sulfhydry] 
content of blood under different treatments. 

6. The significance of these results in relation to the disturbed 
carbohydrate metabolism in scurvy has been discussed. 
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Rat Liver Mitochondria Irradiated with 
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Almost 20 years have elapsed since the isolation of vitamin Ki 
by Doisy et al. (1) and Dam et al. (2); yet, there is still no ade- 
quate explanation for its action in animals. It has been rec- 
ognized for some time that vitamin K is required for the syn- 
thesis of prothrombin (3, 4) but it has never been established 
whether this is a specific or nonspecific effect. It has been 
found that vitamin K; is an essential part of the photosynthetic 
phosphorylation process in green plants (5). Martius and Nitz- 
Litzow (6, 7) have postulated that vitamin K, plays a similar 
part in the animal world; 7.e. that it is a necessary cofactor for 
oxidative phosphorylation. 

In the work to be presented, the authors have taken advantage 
of the sensitivity of vitamin K to ultraviolet light (8) to sub- 
stuntiate and extend previous reports by Martius and Nitz- 
Litzow (6). Preliminary accounts of this work have appeared 
(9, 10). 


EXPERIMENTAL 


Mitochondria from livers of mature male Sprague-Dawley 
rats (300 to 350 gm.) were prepared in 0.44 m sucrose-0.1 mm 
EDTA! by a modification of the method of Schneider and 
Hogeboom (11). All procedures and preparations were carried 
out at 0-2° unless otherwise stated. The mitochondrial pellet 
obtained from 12 gm. of liver was resuspended in 24 ml. of 0.1 
mM Tris buffer, pH 7.4. 

Irradiation of the mitochondrial suspension was accomplished 
with a Mineral light lamp? which emits light at 2537 A. A 
Petri dish containing the mitochondrial suspension was placed 
on a magnetic stirrer about 2 inches beneath the light source 
and irradiated for 30 minutes. Preliminary results showed that 
mitochondria were affected in the same manner whether the 
irradiation was conducted aerobically or anaerobically, although 
in the present work all operations were carried out under aerobic 
conditions. Control mitochondria were stirred simultaneously 
with the experimental mitochondria but were shielded from the 
light source. When vitamin K,? was added to normal or ir- 
radiated mitochondria, the same amount of 0.1 m Tris buffer, 


* Aided by grants from the American Heart Association, the 
National Science Foundation (G-1157), and the United States 
Publie Health Service (H-2102C). 

‘The abbreviations used are: EDTA, ethylenediaminetetra- 
acetate; Tris, tris(hydroxymethyl)aminomethane. 

2 Manufactured by Ultra-Violet Products, Inc., San Gabriel, 
California. 

’ Aqueous emulsion of vitamin K; (Mephyton, Merck Sharp 
and Dohme). 


pH 7.4, was added to the control and the mixtures were stirred 
again for 15 to 23 minutes. Irradiated vitamin Ki was prepared 
by irradiating the vitamin for 3 hours with the same light source 
mentioned above. 

Oxygen consumption was determined at 30° with the War- 
burg manometric technique, and inorganic phosphate disap- 
pearance was followed by the method of Lowry and Lopez (12). 
The conditions and components of the various reaction mixtures 
are indicated in the figures. 


RESULTS 


The results in Table I show that mitochondrial P:O ratios 
resulting from §6-hydroxybutyrate oxidation are sensitive to 
2537 A irradiation. The average decrease of the P:O ratios 
was about 66 per cent. The low P:O ratios of the controls 
were probably attributable to stirring and consequent aging 
of the mitochondrial suspensions since when mitochondria were 
used immediately after preparation, P:O ratios of 2.6 to 2.8 
were obtained with the same system. 

When vitamin K; was added to the irradiated preparation, 
almost complete restoration of the P:O ratio was observed 
(Table Il). Addition of vitamin K; produced a slight lowering 
of oxygen consumption but also a rise in esterified phosphate 
and thus a considerable restoration of the P:O ratio. 

Addition of vitamin K; which had been exposed to ultraviolet 
irradiation was found to have no effect on the P:O ratio of 
irradiated mitochondria (Table III). Table IV shows that 
ultraviolet irradiation had no effect on the P:O ratio resulting 
from mitochondrial oxidation of reduced cytochrome c, and 
Table V shows that added vitamin K, had no influence on either 
oxidation or phosphorylation of normal mitochondria. No 
significant difference in ATPase activity was observed between 
normal and irradiated mitochondrial preparations and both 


possessed low activity. 
DISCUSSION 


The decrease in the P:O ratios of mitochondria after irradia- 
tion with 2537 A of ultraviolet light is a completely reproducible 
phenomenon. Although the observed decreases ranged from 
50 to 75 per cent, the average was about 66 per cent regardless 
of the magnitude of the P:O ratio before irradiation. This 
can be interpreted to indicate that the factor being destroyed 
or inactivated by the ultraviolet light, presumably vitamin K, 
acts in two of the postulated three phosphorylation steps be- 
tween DPN and oxygen. Martius and Nitz-Litzow (6) found 
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TaBLeE I 
Effect of ultraviolet irradiation on oxidative phosphorylation of rat 
liver mitochondria 
The system contained 0.01 m 8-hydroxybutyrate, 0.001 m DPN‘, 
1.5 X 10-5 m cytochrome c, 0.005 m ADP, 0.0125 m inorganic phos- 
phate, 0.1 m KF, 0.01 m MgCl2, and mitochondria. Total volume, 
3.2 ml.; pH 7.4; temperature, 30°. 
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AP;* Oxygen P:O Change 
pmoles pw atoms % 

—- 3.17 2.59 1.22 —48.4 
+ 1.68 2.64 0.63 
— 6.45 4.51 1.40 —69.3 
a 2.14 5.03 0.43 
—_ 5.11 2.62 1.95 —33.4 
+ 4.41 3.41 1.30 
—_ 2.45 2.92 0.83 —79.5 
+ 0.80 4.50 0.17 
11.15 4.85 2.28 —62.3 
+ 4.89 5.68 0.86 
_ 3.28 2.52 1.30 — 60.0 
+ 1.29 2.33 | 0.52 


* Pj, inorganic phosphate. 


TABLE II 


Effect of added vitamin Ky on oxidative phosphorylation by 
ultraviolet-irradiated mitochondria* 


| AP; | Oxygen | P:O 
pmoles p atoms 

Ultraviolet + vitamin K,.......... | 3.12 2.23 1.53 
| 1.20 2. 33 0.51 
Ultraviolet + vitamin K,.......... | 2.07 | 1.81 1.14 


* See Table I for conditions. 


approximately a 33 per cent decrease in the P:O ratio of mito- 
chondria from vitamin K-deficient chick liver as compared to 
normal chick liver. The difference between our results (66 
per cent) and those of Martius and Nitz-Litzow (33 per cent) 
can be explained by the assumption that irradiation removes 
vitamin K more effectively than a deficiency diet, although the 
2:1 ratio is probably fortuitous. Even though our data in 
Table I show an absolute change in P:O ratio corresponding 
to about one phosphorylative step, we prefer to conclude that 
vitamin K participates in two steps instead of one as suggested 
by Martius and Nitz-Litzow (6). Further work will be required 
to confirm this conclusion. 

When vitamin K, was added to irradiated mitochondria, 
it was observed that the P:O ratio of this system was increased 
almost to control levels In most of the experiments this in- 
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TaBLeE III 


Effect of ultraviolet-irradiated vitamin K, on 
ultraviolet-irradiated mitochondria* 


AP; Oxygen P:O 


pmoles ctoms 


Ultraviolet mitochondria............. 1.02 0.96 1.06 
Ultraviolet + vitamin K;............. 1.91 0.96 1.98 
Ultraviolet + ultraviolet vitamin K,.} 0.83 0.96 0.86 


* See Table I for conditions. 


TABLE IV 


Effect of ultraviolet irradiation on oxidative phosphorylation of 
mitochondria with reduced cytochrome c as substrate 

The system contained 6 umoles of ATP, 30 uwmoles of inorganic 
phosphate, 30 umoles of MgSQO,, 40 wmoles of NaF, 50 umoles of 
glucose, 1 mg. of hexokinase (grade V, Sigma Chemical Company), 
10 wmoles of L-ascorbic acid, 1 ml. of mitochondria equal to 0.5 
gm. of original wet weight of liver, and 0.3 umole of cytochrome c, 
pH 7.3; the total volume was 3.2 ml. 


AP; Oxygen P:O 

pmoles atoms 
Ultraviolet-treated................... 0.33 1.5 0.22 
Ultraviolet-treated................... 1.03 1.70 0.61 
Ultraviolet-treated............ 0.59 1.8 0.33 

TABLE V 


Effect of added vitamin K, on oxidative phosphorylation 
of rat liver mitochondria* 


Vitamin Kit AP; Oxygen P:O 


pmoles p atoms 


* See Table I for conditions. 
+ The concentration of vitamin K, was 1.8 wmoles per flask. 


crease was accomplished by an increase in phosphorylation with 
some concomitant decrease in oxidation. The fact that the 
P:O ratio was increased leads us to interpret these results as 
indicating that vitamin K, is a cofactor in mitochondrial phos- 
phorylating reactions. Supporting evidence for this inter- 
pretation was provided by the use of irradiated vitamin Ki, 
which was incapable of reviving the irradiated mitochondrial 
system. Because vitamin K; did, but irradiated vitamin K, 
did not revive irradiated mitochondria, it would appear that 
the substance in mitochondria that is being destroyed by ir- 
radiation is probably similar or identical to vitamin Kj. 

The results of Martius and Nitz-Litzow (6) and those pre- 
sented here indicate that vitamin K, is not concerned with all 
of the phosphorylations resulting from the oxidation of B-hy- 
droxybutyrate. In an effort to assign a specific phosphoryla- 
tive site to vitamin Ky, reduced cytochrome ¢ was used as sub- 
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strate, and the P:O ratios of irradiated and control mitochondria 
were compared. Since no difference was observed in the P:O 
ratios of the irradiated or control mitochondria we conclude 
that vitamin K, is concerned with either one or both of the 
phosphorylations occurring between DPN and cytochrome c. 
(This interpretation is, of course, subject to the previous con- 
clusion that ultraviolet light destroys mitochondrial “vitamin 
K.”) The oxidation-reduction potential of vitamin Ki, —0.06 
volts at pH 7.0 (13), is also consistent with this conclusion. 
Exposure of mitochondria to ultraviolet light did not affect 
the oxidation of 6-hydroxybutyrate, whereas the accompanying 
phosphorylation was decreased. This indicates that vitamin K 
is part of an alternate pathway between DPN and cytochrome c 
and that it is not acting in the direct oxidation pathway. A 
similar proposal has also been advanced by another group (14). 
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Brodie ef al. (15) and Beyer (16) have also reported that vita- 
min K,; can partially restore the lowered P:O ratios resulting 
from irradiation of Mycobacterium phlei and rat liver mito- 
chondria respectively. 


SUMMARY 


Rat liver mitochondria were exposed to ultraviolet light at 
2537 A and a decrease in P:O ratio with the use of 6-hydroxy- 
butyrate was observed. When vitamin K was added to ir- 
radiated mitochondria, P:O ratios were restored almost to 
control levels. Vitamin K had no effect on control mitochondria, 
and irradiated vitamin K had no effect in restoring P:O ratios 
of irradiated mitochondria. Ultraviolet irradiation did not 
affect the P:O ratio obtained with the use of cytochrome c 
as substrate. The implications of these findings are discussed. 
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Studies of oxidative phosphorylation as related to the age of 
the organism serve a twofold purpose. On the one hand, they 
may contribute to our understanding of the mechanisms of oxi- 
dative phosphorylation by introducing aging in vivo as an experi- 
mental variable, and on the other hand, such studies add to 


our knowledge of the biochemical changes associated with physio- 


logical aging. In a previous report we have shown that the 
levels of oxidation of B-hydroxybutyrate and the concomitant 
phosphorylation are significantly lower in liver mitochondria of 
aged rats (1). The present paper amplifies the earlier observa- 
tions, and in addition summarizes studies of such ancillary factors 
as mitochondrial stability, the P;-ATP! exchange reaction, and 
nucleotide content of liver and brain. 


EXPERIMENTAL 


Animals—Sprague-Dawley rats from a colony especially 
maintained to study aging were employed. Purina laboratory 
chow, supplemented weekly with fresh fruits and vegetables, 
horse meat, and milk, was fed ad libitum. Animals 24-months- 
old or more were considered aged in this study. Every experi- 
ment included as a control a 3- to 4-month-old rat treated identi- 
cal to that described for the aged animal. 

The animals were killed by decapitation, and the brain and 
liver were immediately and simultaneously excised and placed in 
chilled 0.25 m sucrose (4°). Only tissues which appeared grossly 
free from disease were used. 

Mitochondria—Liver mitochondria were isolated by differential 
centrifugation in 0.25 m sucrose essentially by the procedure of 
Schneider (2), with the precautions to be described in detail 
elsewhere. Mitochondria prepared in this manner displayed a 
high degree of stability with respect to oxidative phosphorylation 
(3). Isolation of brain mitochondria was accomplished by 
adapting a procedure described for mouse brain (4). The brain 
was quickly removed, its volume recorded, and a 10 per cent 
homogenate prepared in 0.25 m sucrose. Unbroken cells, nuclei, 
debris, and some mitochondria were removed by centrifuging the 
homogenate at 8000 x g at 0° for 2 minutes, including the time 
necessary to bring the rotor to full speed. The supernatant 
fluid was transferred by chilled pipette to prechilled tubes and 
centrifuged at 20,000 x g for 20 minutes. The pellet thus ob- 


* Presented in part before the Fourth International Congress 
of Gerontology at Merano, Italy, July 14 to 19, 1957. 

t Laboratory of Tropical Diseases. 

¢t Laboratory of Psychology. 

1 The abbreviation used is: P;, inorganic orthophosphate. 


tained was washed by resuspension in a volume of cold 0.25 m 
sucrose equal to twice the original volume of the brain. After 
recentrifugation at 20,000 x g for 20 minutes, the pellet was sus- 
pended as before. Each milliliter of the final suspensions repre- 
sented the mitochondria of 0.5 gm., wet weight, of liver or brain 
tissue. 

The concentrations of all mitochondrial suspensions were 
determined before use by measurements of their turbidities at 
520 my in the Beckman model DU spectrophotometer and by 
estimation of their protein content by the biuret reaction. On 
the basis of these measurements the suspensions were adjusted 
to assure the use of essentially equal amounts of mitochondria 
from old and young tissue in each comparative experiment. 
However, it should be emphasized that all data are calculated 
on the basis of the final content of mitochondrial nitrogen (micro- 
Kjeldahl). 

Analytical—Oxidative phosphorylation (1) and ATPase 
activity (5) were determined as previously described. Total 
nucleotides were extracted from mitochondria with cold 1.5 
N perchloric acid according to Siekevitz and Potter (6) and the 
absorption determined at 260 mu. Pyridine nucleotides were 
determined by the single extraction procedure of Spirtes and 
Eichel (7). The extracts of whole liver tissue were centrifuged 
at 100,000 x'g for 1 hour before optical measurements were made. 
This was necessitated by the high turbidity present in the 
extracts of livers of the aged rats. In a few experiments fluoro- 
metric measurements of the pyridine nucleotide content of 
mitochondria also were made (8). The observation that extracts 
of whole liver tissue of the aged rat contained substances which 
were inherently highly fluorescent precluded accurate fluoro- 
metric assay with whole tissues. 

The technique for determining the P,-ATP exchange reaction 
was based on the method of Cooper and Lehninger (9). P; and 
ATP were separated (10) and aliquots counted in a Tracerlab 
automatic gas flow counter. 

Routinely all determinations were performed in duplicate or 
triplicate. 


RESULTS 


Gross Properties of Tissues and Mitochondria—The tissues and 
mitochondria from the old animals differed both in color and 
consistency from those of the young. The liver from the aged 
rat was paler, more fibrous, and of a firmer texture than that 
from the young. These differences especially were evident when 
the tissues were pulped. Mitochondria isolated from liver of 
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the older animals were more heavily pigmented and showed a 
marked tendency to adhere to the centrifuge tube as a viscous 
pellet. The supernatant fraction remaining after isolation of 
the mitochondria also was more heavily colored. Absorption 
spectra of the supernatant fractions revealed that this difference 
between young and old animals was of a quantitative rather than 
a qualitative nature.?, Another gross difference in these prepara- 
tions was that the fatty layer which moved centripetally during 
the isolation of liver mitochondria always was more abundant 
with the older tissue. Whole brain tissue and mitochondria dis- 
played similar age-related differences in color and consistency, 
although not to the same extent. 

Oxidative Phosphorylation—The data summarized in Table I 
show that brain mitochondria from the aged animals exhibited 
no decline in their capacity for oxidative phosphorylation with 
succinate as substrate. Although other substrates were not 
extensively explored,’ a few experiments with a-ketoglutarate and 
glutamate also indicated no age-related differences. These 
findings are analogous to our earlier work with fortified brain 
homogenates (1) in which there was no decline in oxidative 
phosphorylation with age.‘ 

On the other hand, significant declines were found in the levels 
of both substrate oxidation (—39 per cent) and concomitant 
phosphorylation (—37 per cent), when 6-hydroxybutyrate was 
oxidized by liver mitochondria from aged animals (Table IJ). 
Little or no age-related differences in either activity were ob- 
served when succinate, a-ketoglutarate, glutamate, or malate 
were used as substrates. However, stability studies, to be 
described below, revealed that age-related differences in the 
utilization of these substrates do develop after prolonged storage 
of the mitochondria. 

Stability Studies—Earlier we had suggested that the declines 
in oxidative phosphorylation noted in liver mitochondria from 
the aged rat may in part be attributed to an increased fragility of 
these preparations (1). This now has been tested by subjecting 
the isolated liver mitochondria to various deleterious procedures 
such as freezing and thawing, preincubation at 37° in the ab- 
sence of added substrate, and the presence of high concentrations 
of pentachlorophenol (5). Mitochondrial swelling as measured 
by changes in optical density was used as a gross index of physi- 
cal stability. Evaluations of oxidative phosphorylation and of 
ATPase activity were made to detect changes in enzymatic 
stability. Such studies revealed that the mitochondria from 
aged rats were somewhat more sensitive to these deleterious 
treatments than those of the younger animals (Fig. 1; Table ITI). 

Stability of Oxidative Phosphorylation—Experiments with 
young animals have shown that liver mitochondria, when 
isolated under carefully controlled conditions, retain their ca- 
pacity for oxidative phosphorylation after prolonged storage at 
4° (3). It was of interest to determine whether mitochondria 


?The supernatant fractions remaining after mitochondrial 
sedimentation were centrifuged at 20,000 * g for 30 minutes. 
These ‘‘cleared”’ fractions were diluted 10-fold with H.O and their 
absorption spectra determined. Both preparations absorbed 
maximally at 415 my. 

3 8-Hydroxybutyrate was not used as a substrate for oxidative 
phosphorylation with brain mitochondria, because it is poorly 
oxidized and acetoacetic acid, the oxidation product, does not 
accumulate stoichiometrically in brain tissue. 

‘ These findings are of interest in light of recent studies in vivo 
of normal old men, in whom cerebral blood flow and oxygen con- 
sumption were measured. No age-related changes were found 


(11). 


E. C. Weinbach and J. Garbus 413 


TABLE I 
Effect of age on oxidative phosphorylation with brain mitochondria 


The figures are averages of 10 experiments. Each flask con- 
tained, in a final volume of 3 ml., 30 umoles of tris(hydroxy- 
methyl)aminomethane buffer, pH 7.4; 20 umoles of orthophos- 
phate, pH 7.4; 30 umoles of succinate; 20 umoles of MgCl.; 4 umoles 
of ATP; 0.5 umole of DPN; 0.035 umole of cytochrome c; 150 
umoles of glucose; 0.5 mg. of hexokinase (Sigma Chemical Com- 
pany, Type II); 40 umoles of KF (added last); and 0.5 ml. (0.95 
mg. N, average) of mitochondria. Inecubated in air for 30 min- 


utes at 30°. 
Age | | | 
Young (3 to 4 months)......_.. 14.6 8.5 | 
Old (24 months or older)... | 8.2 | 1.7 
TaBLe II 


Effect of age on oxidative phosphorylation with liver mitochondria 


Fach flask contained, in a final volume of 2 ml., 80 umoles of 
glycylglycine buffer, pH 7.4; 50 umoles of pL-8-hydroxybutyrate 
or 20 umoles of other substrates; 20 or 30 umoles of orthophos- 
phate, pH 7.4; 5 umoles of ADP; 2 umoles of DPN; 0.03 umole of 
cytochrome c; 50 umoles of glucose; 0.5 mg. of hexokinase (Sigma 
Chemical Company, Type II); 10 umoles of MgCl.; 30 umoles of 
KF (added last), and 0.5 ml. (0.9 mg. N, average) of mitochondria. 
Experiments with a-ketoglutarate and glutamate included 20 
umoles of malonate. Oxidation of 8-hydroxybutyrate was fol- 
lowed by measuring the stoichiometric accumulation of aceto- 
acetate (12). Incubated in air for 20 minutes at 30°. 


No. of ex- 


Substrate | | P:0 
| 
pmoles atoms / | 
mg. N mg. N | 
Young 8 8-Hydroxybutyr- 17.2 5.9 | 2.9 
ate 
Old 8-Hydroxybutyr- 10.8 | 3.6 | 3.0 
| ate | 
Young 3 8-Hydroxybutyr- 16.4 5.5 | 3.0 
atet | 
Old 8-Hydroxybutyr- 11.4 3.4 | 3.3 
| 
Young 3 Succinate 21.1 
Old Succinate 21.6 10.9 |; 2.0 
Young 3 a-Ketoglutarate 21.4 5.7 | 3.8 
Old a-Ketoglutarate 21.4 5.6 | 3.8 
Young 2 Glutamate 19.0 
Old Glutamate 19.0 | 7.2 2.6 
Young 2 Malate 17.4 |; 84 | 2.0 
Old Malate 14.9 8.3 | 1.8 


* Young, 3 to 4 months; old, 24 months or older. 
+t Each flask also contained 6 mg. of crystallized bovine plasma 
albumin (Armour). 


from the aged rats displayed this same stability. The data 
assembled in Table IV, indeed, show that although the mito- 
chondria from the aged rat retain their capacity for oxidative 
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E PENTACHLOROPHENOL, Oxidative phosphorylation with frozen-thawed or 
UNTREATED 5X 102M preincubated liver mitochondria 
The reaction medium was the same as given in Table II. Freez- 
ne AD - ing and thawing were accomplished as described in Fig. 1. Pre- 
<x incubation at 37° for 30 minutes. The untreated mitochondria 
~ o8 FROZEN-THAWED zi were held at 0° during these procedures. 
Age* Substrate Treatment 40) P:0 
= - 
00 YOUNG 
Experiment 
Ger A 
re Young..... 8-Hydroxybutyr- Untreated 17.2) 5.9 2.9 
0 2 4 6 8 8-Hydroxybutyr- | Untreated 10 3.0 
MINUTES 
Fic. 1. The effect of pentachlorophenol and freezing-thawing Young..... 8-Hydroxybutyr- | Frozen- 12.5| 7.8 1.6 
on the swelling of liver mitochondria from old and young rats. poe chmerel 
The mitochondrial suspensions were frozen at —72° and thawed 3 es 
at 0°. Untreated mitochondria were held at 0° until freezing and 6-Hydroxybutyr- q 
thawing was completed. The cuvettes contained 120 umoles of . ate — 
glycylglycine buffer, pH 7.4, 0.2 ml. (0.4 mg. N, average) of mito- 
chondria, and sufficient 0.25 m sucrose to make a total volume of Young..... 8-Hydroxybutyr- | Preincubated (13.7) 6.3 2.2 
3.0 ml. After 10 minutes, pentachlorophenol (final concentra- ate 
tion, 5 X 10°-* m) was added. Measurements were made in a ee ee 8-Hydroxybutyr- Preincubated | 7.7) 3.3) 2.3 
Beckman model DU spectrophotometer at room temperature. ate 
phosphorylation under these conditions, differences in their Experiment 
stability become evident. Even though little change occurred B 
after the first 24 hours of storage, a differential decline in both Young ..... Succinate Untreated 21.1)11.1/ 1.9 
phosphorylation and the P:O ratios was observed after 48 hours, Es ckwerr es Succinate Untreated 21.6 ax 2.0 
P “i ld marked Young Succinate Preincubated 15.9,15.6 1.0 
were most evident in preparations which had been sampled 
daily. Mitochondria left undisturbed until final assay still [Experiment 
exhibited age-related declines in both oxidation and phosphoryl- C 
ation but displayed little age-related differences in the P:O Young..... 8-Hydroxybutyr- | DPN omitted |17.4) 5.3 3.2 
ratios. Thus, the most striking age-related differences were ate ee | 
found with mitochondrial suspensions with activity impaired Old........ 8-Hydroxybutyr- | DPN omitted 12.0, 3.8 3.2 
by prolonged storage plus the mechanical attrition induced by ate 
repeated sampling. For example, after 72 hours of storage the are oe : 
phosphate uptake of the samples which had been assayed re- 
‘ . ate bated, 
peatedly declined 84 per cent with mitochondria from the aged DPN 
rat, but the corresponding decline in the voung rat preparations cmitend 
was only 38 per cent. It may be recalled that freshly isolated Oe ss 8-Hydroxybutyr- Preincu- 7.7; 3.0 2.6 
liver mitochondria from the aged rat showed no decline in the ate bated, 
levels of oxidative phosphorylation when succinate was used as DPN 
substrate (Table Il). However, after 48 hours of storage the | omitted 


mitochondria from the aged rat were impaired in their use of this 
substrate to a greater extent than were the preparations from 
the younger rats (Table IV). This may reflect a metabolic 
inadequacy inherent in the mitochondrial enzymatic organiza- 
tion of the aged animal. Such a defect may not be apparent in 
fresh preparations which display high phosphorylative activity 
when assayed under conditions designed for maximal phos- 
phorylation. 

Bovine albumin, which has been shown to increase mito- 
chondrial stability (13, 14) did not restore the metabolic activity 
of liver mitochondria of the aged rats to the level found with 
the younger animals (Table I). 

The possibility that liver mitochondria from aged animals 


* Young, 3 to 4 months; old, 24 months or older. 


contain a substance inhibitory to the oxidation of 8-hydroxy- 
butyrate was tested by combining mitochondria from both age 
groups and determining the levels of oxidative phosphorylation 
in the mixture. A depression in these levels would be anticipated 
if the old tissue contained a diffusible endogenous inhibitor. In 
the experiments with combined mitochondria no decline was 
observed, a finding which suggests that the presence of such an 
inhibitor is unlikely. 

ATPase Activity—The experiments summarized in the data 
of Table V revealed no age-related differences in the ATPase 
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TABLE IV 
Effect of storage of liver mitochondria on oxidative phosphorylation 
Experimental conditions as in Table II. Suspensions of mito- 
chondria were stored at 4° until assayed at the times shown. 
Samples were either assayed daily or left undisturbed as indi- 
cated. 


No. of Previ- 
Age* jexperi- Substrate ously | A Pj AO |P:O 
ments age sampled} 
hrs. atoms! 
Young | 8 6-Hydroxybutyr- 0 17.2; 5.9 2.9 
Old ate 10.8 | 3.6 | 3.0 
Young | 4 | 6-Hydroxybutyr- 24 | Yes | 19.0; 7.1 2.7 
Old ate | 10.5; 4.0 2.6 
Young | 3 | 6-Hydroxybutyr- | 48 | Yes 14.5 7.2) 2.0 
Old ate | | 4.4) 3.5/1.3 
Young | 3 | 6-Hydroxybutyr- 48 | No | 16.2; 5.5 | 2.9 
Old ate | 8.8 3.0} 2.9 
Young 3  §8-Hydroxybutyr- | 72 Yes 10.7 1.6 
Old ate | | 1.7] 2.7 | 0.6 
Young | 6-Hvdroxybutyr- 72 | No 13.6) 7.5/1.2 
| | 5.2] 3.6| 1.4 
Young 3 | Succinate 24 | Yes 18.0 10.2 | 1.8 
Old | | 18.5 10.2) 1.8 
Young | Succinate 48 Yes 18.0 12.9 | 1.4 
Old 14.2 | 1.1 
Young | 2 | a-Ketoglutarate 24 | No | 13.5 | 3.5 | 3.9 
Old (15.1 | 3.9] 3.9 
| 
Young | 2 | Malate 48 | No | 12.5] 6.6/1.9 
Old 10.0 9.8 | 1.7 
* Young, 3 to 4 months; old, 24 months or older. 
activity of freshly isolated brain or liver mitochondria. Like- 


wise, the response of mitochondria of the aged rat to various 
experimental procedures known to influence this activity did not 
materially differ from that exhibited by the corresponding mito- 
chondrial preparations of younger animals. 

P;-ATP Exchange Reaction—Rat liver mitochondria catalyze 
a rapid exchange between P; and ATP (15). In Table VI it 
can be seen that the mitochondria from the aged animals were 
equally as effective in catalyzing this reaction as those from the 
younger animals. Brain mitochondria, on the other hand, were 
not very active in promoting the exchange reaction, possibly 
because of their high ATPase activity (Table V). However, 
similarly to liver mitochondria, they displayed no marked dif- 
ferences associated with age. As in the case of oxidative phos- 
phorylation, age-related differences became evident after storage 
of the liver mitochondria at low temperatures (Table V1). 

Nucleotide Levels—Because of the lessened ability of liver 
mitochondria of the aged rat to metabolize B-hydroxybutyrate, 
a substrate the oxidation of which is mediated through pyridine 
nucleotide, and since nucleotides in general have an important 
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TABLE V 
Adenosinetriphosphatase activity in liver and brain mitochondria 
The assay medium contained 40 umoles of glycylglycine buffer, 
pH 7.4; 5 umoles of MgCl:; 6 umoles of ATP; 0.2 ml. (0.4 mg. of 
N, average) of mitochondria plus pentachlorophenol as indicated; 
and sufficient 0.25 m sucrose to make a final volume of 1.0 ml. 
Incubated for 10 minutes at 25°. 


A Pj 
Mitochondria Treatment 
Young*| Old* 
pmoles/ mg. N 
Brain Untreated (control) 6.7 | 6.7 
Pentachlorophenol, 5 X 10-5 =| 7.0 | 7.2 
| Pentachlorophenol, 5 X 104m | 4.6 | 4.8 
Liver | Untreated (control) 0.30 | 0.34 
Pentachlorophenol, 5 X 10-5 | 8.0 | 6.6 
| Preincubatedt 3.1 | 3.5 
_Preincubated +  pentachloro- 
| phenol, 5 X 10°* 3.8 
Frozen and thawed 4.8 | 5.2 
Frozen and thawed + penta- 
_ chlorophenol, 5 X 107° Mm 8.0 | 7.9 


* Young, 3 to 4 months; old, 24 months or older. 
+ Preincubation at 37° for 30 minutes. 


TaBLe VI 
P;-ATP exchange reaction with liver and brain mitochondria 


The reaction medium contained, in 1 ml., 10 wmoles of tris (hy- 
droxymethyl)aminomethane buffer, pH 7.4; 6 wmoles of ATP, 6 
umoles of potassium phosphate labeled with P® (initially, 100,000 
c.p.m.); and 0.2 ml. (0.4 mg. N, average) of mitochondria. Final 
pH, 6.9. The reaction was terminated after 10 minutes by the 
addition of 0.1 ml. of 25 per cent perchloric acid. Temperature, 
30°. 


Age* Experimental Conditions P; exchanged 
| | pmoles/mg. N 
| 9 Liver mitochondria, 4.8 
| freshly isolated 4.8 
2 Liver mitochondria, 4.5 
ee | 24 hrs. storage at 4° 3.7 
2 Liver mitochondria, 0.7 
Old 48 hrs. storage at 4° None 
Young...... 7 Brain mitochondria, — 0.88 
freshly isolated 0.83 


* Young, 3 to 4 months; old, 24 months or older. 


function in oxidative phosphorylation, it was 6f interest to esti- 
mate their levels in the tissues of the aged animals. As shown 
in Table VII, the total acid-soluble nucleotide content of mito- 
chondria from both liver and brain, determined by the absorp- 
tion at 260 my, was significantly lower in the aged animal. 
Siekevitz and Potter (6) have shown that the acid-soluble ma- 
terial absorbing maximally at 260 my consists mainly of adenine 
nucleotides. However, the levels of pyridine nucleotides, also 
present in these acid extracts, were lower in the brain and liver 
of the old rat as determined by enzymatic assay. The content 
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TaB_Le VII 
Age and nucleotide content of mitochondria and whole tissue 
The figures in parentheses refer to the number of experiments. 
DPN and DPNH were determined enzymatically and total 
DPN + TPN, fluorometrically. See the text. DPN of 92 per 
cent purity and DPNH of 88 per cent purity (Sigma) were used 
as standards. 


Tissue Preparation Age* DPN DPNH 
pmg./mg. N 
Liver mitochondria | Young 0.713(8), 9.7(4)) 29.5(4) |16.6(3) 
Old 0.632(8), 7.9(4) 24.2(4) | 9.6(3) 
Brain mitochondria | Young 0.498 (5)| 11.8(3) None (3); 9.9(3) 
Old  0.435(5) 9.9(3) None 8.7(3) 
Whole livert Young 376(7) 384 (7 ) 
Old 251(7) (507(7) 
Whole braint Young 133(6) | 67(6) 
Old 110(6) | 476) 


* Young, 3 to 4 months; old, 24 months or older. 
+ Values are in wgm. per gm. of tissue. 


TaBLe VIII 
Nucleotide release upon incubation of liver mitochondria 


The figures are average values of three experiments expressed 
as optical densities at 260 my corrected for mitochondrial nitro- 
Technique as described in reference (6). 


gen. 
Freshly isolated 
After incubationtT 


* Young, 3 to 4 months; old, 24 months or older. 
t Incubated at 37° for 30 minutes in absence of exogenous sub- 
strate. 


of oxidized DPN was found to be less in both whole tissue and 
mitochondria of these organs (Table VII). The possibility that 
there are fewer cells in the liver and brain of the aged rat could 
account for the lower level of DPN found in the whole tissue. 
Such an explanation, however, appears unlikely since the DPN 
content of mitochondria when expressed on a nitrogen basis also 
was lower. Although the relationship between age and the 
content of DPNH is somewhat less certain, owing to difficulties 
in measurement of the latter (cf. (16)), the data suggest that 
DPNH levels also may be altered in the aged rat. In liver 
mitochondria and whole brain tissue of the aged rat these 
levels were lower. The high content of DPNH found in whole 
liver tissue of the aged animal is puzzling and may reflect either 
the presence of substances reacting non-specifically in the enzy- 
matic assay ((17), page 98) or a shift in the ratio of oxidized 
to reduced nucleotides in the whole liver tissue of the aged rat. 
Possible inaccuracies in estimating the absolute values of pyri- 
dine nucleotides introduced by a single extraction procedure 
have been suggested (16, 18). However, this in no way invali- 
dates the age-related differences observed, since such differences, 


Oxidative Phosphorylation in Mitochondria from Aged Rats 


rather than the evaluation of absolute levels of pyridine nucleo- 
tides, were the objective in these experiments. 

In view of the lowered levels of nucleotides observed in mito- 
chondria from the aged rat, DPN was omitted from the reaction 
medium used for oxidative phosphorylation. This was done 
to evaluate the rather remote possibility that the deficiency 


Vol. 234, No. 2 


in the oxidation of B-hydroxybutyrate might be exaggerated by _ 


the omission of this nucleotide. As shown in Table III, Experi- 
ment C, the omission of DPN did not alter the utilization of 
B-hydroxybutyrate either in fresh or preincubated mitochondria 
from animals of both age groups. These findings are concordant 
with the generally accepted view that only the mitochondrially- 
bound DPN is functional in electron transport. 

Liver mitochondrial suspensions were incubated at 37°, and 
the release of acid-soluble material absorbing maximally at 260 
my was studied as an additional index of possible age differences. 
The data in Table VIII show the partition of this material 
between the mitochondrial pellets and supernatant fractions 
before and after incubation. As in the case of the total acid- 
soluble nucleotide content of the mitochondria (Table VII), the 
mitochondria from the aged rat yielded significantly lower total 
values. This decrement was accounted for entirely by the lesser 
amount of material absorbing at 260 my found in the pellet 
(Table VIII). During incubation, the amount of nucleotide 
release in both suspensions was the same (approximately 43 per 
cent), indicating that liver mitochondria of the aged rat were 
not uniquely susceptible to nucleotide loss under these conditions. 


DISCUSSION 
Although the decline in metabolic activity associated with 


age has been amply documented for many organisms (19), the | 


physiological basis for this decline remains a matter of conjecture. 


This decreased activity has been ascribed to a loss of cells, a | 


decline in the metabolism of individual cells, or a combination 
of these factors (20). Since isolated mitochondria represent an 


organized complement of enzymes of which activity can be | 
assayed independently of the cellular environment or cell | 


number, they provide a convenient tool for investigating possible 
changes in metabolic activities with age. 


Indeed, studies re- | 


ported here with liver mitochondria from the aged rat revealed _ 
a decrement in their capacity for oxidative phosphorylation when — 


B-hydroxybutyrate was used as substrate (Table I). 


Green 


and coworkers (21), in studies with fragmented mitochondria, | 


have shown that @-hydroxybutyric acid dehydrogenase and 
certain other pyridinoprotein enzymes are intimately associated 
in a submitochondrial entity which the investigators have 
designated the ‘phosphorylating electron transport particle.” 


Our studies with freshly isolated, intact mitochondria revealed | 


that oxidative phosphorylation did not decline with age when 
a-ketoglutarate, glutamate, and malate were used as substrates, 
in contrast to the decline observed with 8-hydroxybutyrate 
(Table II). If the decreased B-hydroxybutyrate utilization is 
related to the lowered levels of pyridine nucleotides found in the 
liver mitochondria of the aged rat (Table VII), it is puzzling 


that a similar decrement was not found with other substrates | 


oxidized by pyridinoprotein enzymes in the mitochondrial 


entity associated with 6-hydroxybutyric acid dehydrogenase. 


These observations may imply that the passage of electrons and 
concomitant phosphorylations with 6-hydroxybutyrate is via 
an age-sensitive pathway which differs from that utilized by the 
other substrates. Thus the use of mitochondria from aged 
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animals reveals facets of oxidative phosphorylation not evident 
in preparations from the younger animals which are conven- 
tionally employed. 

The data of Table VI, showing no age-related differences in 
the activities of the enzymes which catalyze the P;-ATP ex- 
change, indicate that enzymes other than those involved in a 
terminal transphosphory lation sequence are probable sites of the 
observed deficiences in oxidative phosphorylation. 

Consideration of all data reported here relating to mito- 
ehondrial stability (Tables III to VI and VIII and Fig. 1) indi- 
cates that liver mitochondria isolated from the aged rat are, 
indeed, more sensitive to injurious experimental procedures 
than those from the young. However, it should be noted that 
age-related differences in stability become pronounced and 
patently obvious only with increasing severity of these procedures 
(Table IV). The age-related differences in mitochondrial 
stability observed with carefully isolated fresh liver mitochondria 
are minimal and cannot account for the lowered levels of oxida- 
tive phosphorylation. This view is supported by the following 
considerations. (a) Increased fragility of mitochondria is 
associated with uncoupling of phosphorylation from oxidation 
rather than equivalent decreases in both activities. (6) It 
would be anticipated that all dehydrogenases involved in oxida- 
tive phosphorylation would be equally affected. This was not 
the case (Table II). (ce) Studies of physical stability of carefully 
isolated fresh mitochondria show little difference in the initial 
fragility of mitochondria from both age groups. An alternative 
and more likely possibility is that the differences in mitochondrial 
metabolism described in this report are true reflections of altered 
enzymatic activities associated with physiological aging. 
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SUMMARY 


1. Brain and liver tissue and mitochondria from the aged rat 
displayed gross physical differences, such as in color and con- 
sistency, when compared with the tissues of the young animal. 

2. Oxidative phosphorylation with 8-hydroxybutyrate as the 
substrate declined in liver mitochondria from aged rats. Al- 
though similar decrements were not seen with other substrates 
such as succinate and a-ketoglutarate in fresh preparations, age- 
related differences were evident after prolonged storage of the 
mitochondria at 4° and other pretreatments. As found pre- 
viously with homogenates, brain mitochondria did not show 
any age-associated declines in oxidative phosphorylation with 
succinate as substrate. 

3. Stability studies revealed that liver mitochondria isolated 
from older animals are more sensitive to deleterious experi- 
mental procedures, as evaluated by physical and enzymatic 
techniques. This sensitivity increased with the severity of the 
treatment. However, mitochondrial fragility alone does not 
account for the age-associated declines in oxidative phosphoryla- 
tion observed with fresh preparations. 

4. Measurements of the inorganic orthophosphate-adenosine 
triphosphate exchange revealed no differences in activity between 
age groups, thus precluding a transphosphorylation sequence 
as the site of the observed decline in oxidative phosphorylation. 

5. Lowered contents of pyridine and adenine nucleotides were 
found in the mitochondria of the aged rat. This may be related 
to the impaired oxidative phosphorylation. 

6. Consideration of these observations suggest that there is a 
true age-related deficit in oxidative phosphorylation with certain 
substrates and that this deficit occurs early in the sequence of 
electron transport. 


REFERENCES 


1. WernsBacu, EK. C.; anp Garsus, J., Nature, 178, 1225 (1956). 

2. ScuneipeR, W. C., in W. W. Umsreit, R. H. Burris, anp 
J. F. Sraurrer, Manometric techniques and tissue metabo- 
lism, Burgess Publishing Company, Minneapolis, 1949, p. 
148. 

3. WeINBACH, E. C., Federation Proc., 16, 268 (1957). 

4. DuBuy, H. G., anp HEssE.Bacu, M. L., J. Histochem. Cyto- 
chem., 4, 363 (1956). 

5. Wernsacu, E. C., J. Biol. Chem., 221, 609 (1956). 

6. SrEKEvITz, P., AND Potrer, V. R., J. Biol. Chem., 216, 221 
(1955). 

7. Sprrtes, M. A., AND H. J., Arch. Biochem. Biophys., 
63, 308 (1954). 

8. Crottr, M. M., anp Kapuan, N. O., in 8S. P. CoLowick anp 
N. O. Kapian (Editors), Methods in enzymology, Vol. III, 
Academic Press, Inc., New York, 1957, p. 890. 

9. CoopER, C., AND LEHNINGER, A. L., J. Biol. Chem., 224, 561 
(1957). 


10. NiELSEN, 8. O., aND LEHNINGER, A. L., J. Biol. Chem., 215, 
555 (1955). 

11. Soxo.torr, L., in J. E. Birren, H. Imus, anp W. WINDLE, 
The process of aging in the nervous system, Charles C Thomas, 
Springfield, Illinois, in press. 

12. WaLKER, P.G., Biochem. J., 58, 699 (1954). 

13. Sacxtor, B., J. Gen. Physiol., 37, 343 (1954). 

14. Puttman, M. G., anp Racker, E., Science, 123, 1105 (1956). 

15. Borer, P. D., Fatcone, A. B., Harrison, W. H., Nature, 
174, 401 (1954). 

16. JEDEIKIN, L. A., AND We1NHowSsE, S., J. Biol. Chem., 213, 
271 (1955). 

17. Stncer, T. P., aNp E. B., Advances in Enzymol., 
15, 79 (1954). 

18. Giock, G. E., anp McLean, P., Biochem. J., 61, 388 (1955). 

19. Comrort, A., The biology of senescence, Rinehart and Com- 
pany, Inc., New York, 1956. 

20. Barrows, C. H., Jr., Federation Proc., 15, 954 (1956). 

21. Green, D. E., The Harvey lectures, Series 52, (1956-1957), 
Academic Press, Inc., New York, 1958, p. 177. 


n 

e | 

f 

t | 

] 

e 

r 

t 

e 

r 

e 

n 

n 

e 

ll 

e 

e | 

] 

d 

d 
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The production of radiostrontium in relatively high yield from 
fission reactions, together with the affinity of strontium for bone, 
have added to the need for a quantitative understanding of the 
behavior of this element in the food chain leading to human bone. 
The quantity of this fission product which may be maintained 
in the bone tissue without perceptible damage to the organism 
is not well defined (1, 2); however, with the anticipated increase 
in the use of fission reactors both in the United States and abroad 
(3) together with the threat of an extensive dispersal of fallout 
material from nuclear warfare, the importance of radiostrontium 
as a hazard in our environment is increasing. 

In a previous paper on the relative retention of strontium and 
calcium in animal bone tissue (4) it was suggested that the 
equilibrium level of radiostrontium in human bone might be 
predicted from a knowledge of the retention factor between 
diet and human bone and the specific activity of radiostrontium 
in the diet. The purpose of this paper is to present the results 
of a study of the relationship between the strontium in the 
human diet and the quantity of strontium appearing in human 
bone. 


EXPERIMENTAL 


The choice of sampling areas for these studies was based on 
three major factors: population density, regional contribution to 
the national supply of dietary calcium, and the expected stron- 
tium to calcium ratio for the particular region. The first two 
factors can be determined quite easily by reference to books on 
economic geography and agricultural statistics. The selection 
of regions with different strontium to calcium ratios was based 
upon a paper dealing with the strontium to calcium ratios 
appearing in water supplies throughout the United States (5). 
In this selection it was assumed that raw surface water reflects 
the ratio present in the soil solution and therefore is approxi- 
mately equal to that present in the native plants (6, 7). On 
this basis the five sampling regions chosen were (a) Phoenix, 
Arizona; (b) Sacramento, Oakland, Fresno, and Los Angeles, 
California; (c) Tulsa and Oklahoma City, Oklahoma; (d) 
Philadelphia, Pennsylvania, and Rochester, New York; and 
(e) Madison, Wisconsin, and Minneapolis, Minnesota. 

The samples collected in each area fall into four groups, (a) 
dairy cattle feed, (6) milk, (c) vegetables, and (d) human bone. 

Samples of dairy cattle feed and milk produced from this 
feed were collected during the period between June and Septem- 


* This paper is based on work performed under Contract No. 
AT (04-1)-GEN-12 between the Atomic Energy Commission and 
the University of California at Los Angeles. 


ber of 1955. The feed samples were dried, ground, and then 
ashed for 12 hours at 600°. The milk samples, which were 
preserved during shipment to the laboratory with reagent grade 
formalin (1 ml. per quart), were lyophilized and then ashed at 
600° for 12 hours. 

Fresh local vegetables were collected concurrently with the 
feed and milk samples. These samples were dried, ground, and 
then ashed for 12 hours at 600°. 

All samples were collected, dried, and stored in polyethylene 
containers in order to prevent contamination. 

Human rib samples were obtained in two age groups (5 to 18 
years and 19 to 40 years) from each of 10 city areas. The 
requirements for a satisfactory sample were, residence in the 
local area for at least 5 years and a cause of death not involving 
an illness known to be associated with abnormal bone metab- 
olism. 57 samples were collected during the period between 
July 1955 and December 1957. The soft tissue, exclusive of 
marrow, was removed, and the samples were ashed at 600° for 
12 hours. Each sample yielded between 1.1 and 8.2 gm. of 
ash (average 3.5 gm.). 

These samples were analyzed for strontium and calcium by 
spectrographic methods which were essentially the same as those 
described previously (4). 

A comparison of the strontium-calcium ratios for dairy cattle 
feed and milk produced from this feed is presented in Table I. 
The strontium-calcium ratio for the total feed was calculated 
from the analyses of the individual feed components. The 
weighting of each component was based upon normal feeding 
practice for dairy cattle (8, 9). 

A retention factor for milk, defined as the (Sr/Ca) min: 
(Sr/Ca) teea,! is 0.13 + .03. 

Table II presents the strontium-calcium ratios for fresh 
vegetables collected during this study. 

Table III presents the strontium concentration found for 
human rib samples. 


DISCUSSION 


A comparison of the strontium concentration for young bones 
with that for the older bones (Table III) suggests that a virtual 
equilibrium with the regional diet has been reached. Under 
equilibrium conditions no significant difference in strontium 
concentration has been observed for the various parts of the 
skeleton (12, 13); therefore, a retention factor, F's, based upon 


1 This retention factor has the same meaning as the term ‘‘ob- 
served ratio’? used by Comar in discussions of strontium dis- 
crimination (10). 
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TABLE I 
Strontium to calcium ratios in feed and milk 


Sr: 1000 Ca | | Sr: 1000 Ca | 
City Pu City 3 
& Feed | Milk | 3 \Feed | Milk | 
Philadel- Oklahoma 156 
phia, 60/1 .32/0.243.0.184 City, Ok- (25/5.33'0.582 0.109 
Pennsyl- 1.60:0.1820.114 lahoma 
vania | 15/2.48 0.3470. 140 
| 40'2.68 0.3500. 142 
Rochester, | 
New York 681.96 0.241 0.123 Sacra- | 4.87 0.4920. 101 
23:1.33.0.2070.183 mento, 80 4.33. 0.5140.119 
Califor- —30/4.160.448 0. 108 
Madison, 51.33'0.1110.083 nia 3 | 
Wisconsin 22/2.200.261 0.119 | 
27'1.55:0.186.0.121 Fresno, 3.59:0.430,0.120 
11/1.880.2590.138 Califor- 50'4.210.7240.172 
48 1.400.163 0.116 nia 225.95. 0.962 0. 162 
50 | 
Minneapolis, 20)1.500.1730.115 Los Ange- (4.090.592 0.145 
Minnesota |25)1.370.1700.124 les, Cali- | 
13/1.15.0.1610.140 fornia | 
152.060.2470. 120 | 
22 1.33.0.1610.121 Imperial, 6.67 0.640 0.096 
California 8 | 
Tulsa, Okla- (252.680.3480. 142 


Phoenix, 406.36 0.7120.112 


homa 28 2.89/0.3240.111 6.36 
30'1.89'0.300 0 159 Arizona 102 
II 
Strontium to calcium ratios for fresh vegetables 
Philadelphia, Rochester, Madison, 27 


Minneapolis, Tulsa, Oklahoma City, | 
and Salinas ts | | | 
Coachela, Imperial,-and Phoenix 42 |. & 


any particular bone of the body should suffice to characterize 
the whole skeleton. 

The composition of the human diet with respect to the amount 
of calcium derived from the major food sources can be computed 
from several compilations (14, 15). Table IV presents a sum- 
mary of these data for the average United States citizen. Since 
only a small portion of the dietary calcium is derived from meat 
and eggs, these items may be safely neglected in computing a 
bone retention factor. 

An estimation of the average strontium to calcium dietary 
ratio resulting from vegetables, fruits, and grains is confused by 
two primary factors. The first of these is the extremely limited 
area which produces any one component of this plant portion 
of our diet (16-18), and the second factor is the more widespread 
distribution of fresh and frozen vegetables which has resulted 
from improved handling techniques. In consideration of these 
factors, a national average has been assumed to reflect the plant 
strontium to calcium ratio ingested by the average urban citizen. 
Based upon the plant analyses reported in this paper and pre- 
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TaBLe III 
Per cent strontium in human bone ash 


City ‘Age group | No. Variance* 
| years | % % 
Minneapolis, Minnesota | 4 0.0096 
| 34 | 1 | 0.0086 
Madison, Wisconsin | $17); 5 0.0114 46 
29-40 0.0104 25 
Philadelphia, Pennsylvania | 14-16 an 0.0113 31 
| 26-39 | 7 %$|0.0111! 21 
Oklahoma City, Oklahoma 
2 | 0.0104) 15 
Tulsa, Oklahoma | &17| 6.5 
| 30-38 | 0.0117} 24 
Oakland, California 1617 2 | '0.0108| 29 
22-25 | 2 |0.0125/ 14 
Fresno, California | | 0 | 
0.0130 | 
Los Angeles, California 4 | 0.0134 20 
1937 | 6 |0.0122| 15 
Phoenix, Arizona S18 4 0.0182 18 
26-39 | 0.0219 35 


* Variance is calculated by the method of Dean and Dixon (11) 
for small groups of numbers. 


Summary: published findings for sources of human dietary calcium 


Calcium in diet 


F oodstuff 
0-12 Years 12 Years+ Lifetime | Lifetime 
(13) (13) | (13) (14) 
| 
Milk and milk products...... 8O.4 69.6 | 71.8 | 74.8 
2.4 2.8 2.6 2.8 


vious observations on raw surface waters (5), an average Sr: 1000 
Ca ratio from 2 to 3 appears reasonable for vegetables, fruits, 
and grains in the United States. 

The distribution of commercial milk supplies is much more 
localized (16, 19) than that of vegetables, fruits, and grains, 
and therefore it is possible to determine more accurately a 
representative value for the Sr:Ca ratio for a particular urban 
area. 

In Table V the retention factor for human bone has been 
calculated on the basis of 75 per cent of the calcium being derived 
from milk and milk products, and 25 per cent from vegetables, 
fruits, and grains. Two values of strontium to calcium ratios 
have been used for vegetables as representing the probable range 
of values. The resulting average retention factors have been 
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TABLE V 
Retention factor for human bone 
| Sr:1000 Ca Rpt = 3 Rp =2 
City = 2 

Z 


Minneapolis, Minnesota..| 2 
0 


Madison, Wisconsin...... 4 
Philadelphia, Pennsyl- 

Oklahoma City, Okla- 

Tulsa, Oklahoma......... 10 145|0.743)0. 194 
Oakland, California...... 4 164 
Fresno, California........| 1 126)1.029/0. 156 
Los Angeles, California..| 10 169 
Phoenix, Arizona......... 9 0.256'0.782 1.3360. 192 1.0860. 236 

Weighted mean, Fz 0.15 0.20 
Fz, average 0.18 + 0.05f 


* The mean calcium concentration was determined by spectro- 
graphic analyses of human rib ash to be 37.0 + 2.0 per cent. 
t Rp is the Sr:1000 Ca atom ratio for vegetables, fruits, and 


grains. 
t The standard deviation of the average retention factor is 
determined from the range set by the standard deviation of the 


two values of Fz. 


computed on the assumption of a linear correlation between 
diet and bone as well as an extrapolation of this line through 
the origin. 

In order to calculate the equilibrium concentration of stable 
or radiostrontium in human bone from the strontium to calcium 
ratios of the diet we may resort to the following equation: 


Rp = Fz (0.75 Ry + 0.25 Rp) (1) 


where Rg, Ry and Rp = strontium to calcium ratio in bone; 
milk; and vegetables, fruits, and grains, respectively. 

Since the ratio in milk Ry, is equal to the ratio in cattle feed, 
Rer, multiplied by the retention factor for milk, Fy, the bone 
strontium to calcium ratio may also be expressed as: 


Rg = 0.18 (0.10Rcr + 0.25 Rp) (2) 


As an example of the utility of this equation, which is based 
upon the behavior of natural strontium, one can estimate the 
mean equilibrium radiostrontium concentration in human bone 
to be expected from a contamination of the population’s food 
supply at- some fixed level. In a recent article by Eckelman 
et al. (20) the average levels of radiostrontium in foods of the 
United States were presented as 7.3 wuc. of Sr® per gm. of Ca in 
frozen vegetables and 5.3 wuec. of Sr® per gm. of Ca in milk. 
When applied to Equation 1 these values would indicate a mean 
equilibrium human bone level of 1.0 wuc. of Sr® per gm. of Ca. 
When the milk retention factor of 0.13 is applied to the radio- 
strontium level reported for milk a 40 uue. of Sr® per gm. of Ca 
level would be indicated for the dairy cattle feed. Should this 
level be present in all plant material, the mean equilibrium human 
bone level of radiostrontium (Equation 2) would become 2.5 
puc. of Sr® per gm. of Ca. The difference between this high 
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radiostrontium level indicated to be present in plant material 
and that actually observed for frozen vegetables might be 
attributed to a removal of the direct fallout radiostrontium 
during the processing of commercial vegetables. 

In the studies of stable strontium in human bones as reported 
here and by Hodges et al. (12), two unusually high strontium 
concentrations have been observed. These values are 3 to 4 
times the average value for the region investigated. On the 
basis of the bone retention factor presented in this paper such 
high values could be explained should the individuals be vege- 
tarians. Unfortunately no verification of this condition has 
been possible. Since the cause of these high values remains 
uncertain, a factor of at least 4 must be introduced into the 
calculation of a maximal mean equilibrium strontium level from 
the retention factor. In order to calculate the mazimal indi- 
vidual equilibrium strontium level in human bone, the retention 
factor of 0.18 + 0.05 must be multiplied by a factor of 2 in 
order to insure that a high percentage of all cases will be included 
within the calculation. With these assumptions we may express 
the maximal individual equilibrium strontium level to be ex- 
pected within the population to be 4 K 2 Fg X Rp. This will 
be the case for an individual existing on a strictly vegetarian 
diet. If, for instance, the diet were to become generally con- 
taminated at the maximal concentration reported (20) for 
vegetables in 1956 (21 uuc. of Sr® per gm. of Ca) and remained 
at that level, the mazimal individual equilibrium concentration 
of radiostrontium in human bone would be 30 wue. of Sr” per 
gm. of Ca. Should it be possible to verify that the high stable 
strontium values which have been observed are actually a result 
of the dietary calcium being derived primarily from plant 
material, the retention factor would not be multiplied by 4 and 
the estimated maximal value would be approximately 8 uuye. 
of Sr® per gm. of Ca. 

Evaluation of the hazard of such bone levels of radiostrontium 
to human health and welfare is beyond the scope of this paper 
and is indeed a subject of active controversy (1). 


SUMMARY 


Samples of human rib, milk, vegetables, and dairy cattle feed 
were collected from five regions in the United States. These 
samples were analyzed for strontium and calcium by emission 
spectrographic techniques. 

A retention factor between cows’ milk and the feed used to 
produce this milk was determined to be 0.13 + 0.03. A human 
bone retention factor of 0.18 + 0.05 was determined by com- 
paring the strontium-calcium ratio observed for the human rib 
samples and the ratio estimated for the respective diets. 

The application of these values to the determination of the 
maximal radiostrontium level in human bone to be expected 
from the present level of fallout contamination has been dis- 
cussed. 
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Only a few studies have been reported on the biochemistry of 
the vitreous body in the developing eye. Bembridge and Pirie 
(1) determined the total hexosamine and the total nitrogen 
content of the filtered vitreous body of rabbits after birth and 
found that during the first three weeks there was a decrease in 
both the nitrogen and the hexosamine concentration. Schweer 
and Siidhof (2) confirmed our earlier findings (3) that the hexosa- 
mine content of the vitreous body of cattle varies with the age 
of the animal. Boyer et al. (4) found that in growing calves the 
increase in the amount of “‘residual proteins,”’ determined as the 
weight of the sediment after high speed centrifugation, is pro- 
portional to the weight of the vitreous body. 

Studies on the ascorbic acid, calcium, hyaluronic acid and 
protein content of the bovine vitreous body in the course of 
embryonic and postnatal development are reported in this 
paper. Some of this work has been presented previously in a 
short communication (3). Studies on the ascorbic acid, hyalu- 
ronic acid and protein content of the vitreous body of adult 
steers have been reported elsewhere (5).!: 2» 3 


MATERIALS AND METHODS 


The eyes of adult cattle, calves and embryos of Aberdeen- 
Angus, Hereford and Jersey breeds were collected at the slaugh- 
terhouse. The age of steers varied between 1 and 3 years, but 
they are shown in the figures as 3 years old. The age of the 
embryos could be determined with an accuracy of one-half 
month. The eyes of embryos younger than two months were not 
used, since the amount of vitreous body was not sufficient for 
chemical analysis. On the average, the vitreous body was 
removed from the eye two hours after the death of the animal. 

The eye was divided by an equatorial cut behind the lens, and 
all of the gel in the posterior segment was removed without 
contamination by the retina and placed in a centrifuge tube. 
This part of the vitreous body is termed the “occipital sample.” 
The preparation method has been described elsewhere in greater 
detail (3).1. When the eyes of embryos 2 to 4 months of age 
were used, separation of the gel from the retina was more diffi- 


* This investigation was supported by research grants (B-324 
and B-1146) from the National Institute of Neurological Diseases 
and Blindness, United States Public Health Service. 

This is Paper 29, Retina Foundation. 

1E. A. Balazs, Studies on the structure of the vitreous body. 
IV. Hyaluronic acid content. In preparation. 

2. A. Balazs and L. Sundblad, Studies on the structure of 
the vitreous body. V. Soluble protein content. In preparation. 

3K. A. Balazs, Studies on the structure of the vitreous body. 
VII. Collagen content. In preparation. 


cult and adhering tissues were removed with forceps before 
centrifugation. Some eyes were frozen in Dry Ice-acetone. 
The sclera, the choroid, and the retina were peeled from the 
frozen eyeball, and the frozen lens and ciliary body were also re- 
moved. The still-frozen vitreous body was then divided by an 
equatorial cut behind the lens into an “anterior” and a “‘pos- 
terior’? sample (3). The anterior sample contained the gel be- 
tween the lens and the ciliary body; the posterior sample con- 
tained the rest of the vitreous body, but some fragments of the 
cortical layer of the gel may have been removed with the frozen 
retina. Anterior and posterior samples prepared together are 
called “total vitreous.” All of the gel samples were centrifuged 
in a Spinco preparative ultracentrifuge at 4° until completely 
liquefied ; this required 2 to 3 hours of centrifugation at 105,000 x 
g. Samples used for calcium determination were liquefied by 
pressing the gel through a 25-gauge needle with a syringe. For 
ascorbic acid and calcium determinations the liquefied vitreous 
body itself was used, but for other analyses it was dialyzed against 
a 0.02 m phosphate buffer (pH 7.0) containing 0.1 m sodium chlo- 
ride for 24 hours at 4°. The volume change during dialysis was 
less than 1 per cent. For some determinations the vitreous 
body samples taken from several eyes were pooled. 

Determination of Volume of Eyeball and Vitreous Body—The 
eyes were carefully cleaned of connective tissue and muscle 
and the eyeballs were measured by dipping them in a graduate 
containing water. The eyes were then frozen in Dry Ice-ace- 
tone, the tissues around the vitreous body, including the lens, 
were removed while still frozen and the volume of the frozen 
vitreous body was measured as described above. 

Ascorbic acid, dehydroascorbic acid, and diketogulonic acid 
contents were determined by the 2,4-dinitrophenylhydrazine 
method of Roe et al. (6). Three ml. of 10 per cent SnCl, in 5 
per cent metaphosphoric acid was added to 2 ml. of liquefied, 
undialyzed vitreous fluid immediately after centrifugation. 
The samples were then stored at 4° overnight, and the deter- 
minations were made the following day after dilution of the 
samples to 60 ml. with 5 per cent metaphosphorie acid. Controls 
showed that no oxidation of ascorbic acid occurred during storage. 

Hexosamines were determined by a modification of the method 
of Elson and Morgan (7). Dialyzed samples were hydrolyzed 
in 6 N hydrochloric acid for 16 hours at 96°. Pooled samples 
of vitreous body hydrolysates were chromatographed in acid 
resin columns (Dowex 50, H cycle) to separate glucosamine and 
galactosamine (8). For this purpose the dialyzed vitreous 
body was concentrated about five times in dialysis bags before a 
fan at 4° and then hydrolyzed as above. The recovery was 
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calculated from the total hexosamine determination carried out 
on the sample before chromatography. 

Hexosamine determinations carried out on the hydrolysate 
of dialyzed or undialyzed vitreous body indicated that no inter- 
fering substances were present (9). The amount of hexosamine 
recovered on column from the vitreous body hydrolysate was in 
good agreement with the analysis values made directly on the 
hydrolysate. 

Hexurontc acid was determined on dialyzed vitreous body 
samples by the carbazole method (10). Glucuronic acid was 
used as standard. 

Ester sulfate was determined spectrophotometrically as 
benzidine sulfate (11) after hydrolysis of pooled dialyzed occipi- 
tal samples of vitreous body in 6 N hydrochloric acid. 

Protein Nitrogen—Nitrogen was determined by the micro- 
Kjeldahl method (12) on centrifuged and dialyzed samples. 
The hexosamine nitrogen content was subtracted from the values 
obtained and the remaining nitrogen value is regarded as that 
originating from the soluble protein fraction of the vitreous 
body. 

Hydroxyproline and Collagen—Hydroxyproline was deter- 
mined in the sediment of dialyzed vitreous body samples fol- 
lowing centrifugation of anterior, posterior and occipital parts 
of the vitreous body for 2 hours at 105,000 x g. The method 
of Neuman and Logan (13), modified by Martin and Axelrod 
(14), was used after hydrolysis of the proteins with 6 N hy- 
drochloric acid for 3 hours at 140°. Collagen was estimated by 
multiplying the hydroxyproline values by a factor of 7.46 (13). 

Calcium was determined on undialyzed occipital samples ac- 
cording to Denson (15). 3 ml. of liquefied vitreous body were 
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shaken with 1 gm. of Amberlite [R-120 cation resin (H cycle). 
After several washings with distilled water the cations were 
eluted from the resin with 10 ml. of 6 N hydrochloric acid and 
the calcium content of the eluate was determined in a Beckman 
flame spectrophotometer. 

Electrophoretic experiments were performed in an Aminco 
electrophoresis apparatus in Veronal buffer at pH 8.0 to 9.0, 
ionic strength 0.12. Pooled vitreous samples were concentrated 
2 to 14 times by dialysis against a 20 per cent high-polymer 
dextran solution in the same buffer. The concentrated samples 
were then redialyzed against pure buffer before the runs were 
made. 


RESULTS 


To compare the biochemical with the anatomical development 
of the vitreous body, the size of the eyeball and the vitreous 
body in animals of different ages was measured. The results 
are given in Fig. 1. 

Hexosamines—The concentration of nondialyzable hexosa- 
mine in the occipital sample of individual vitreous bodies was 
plotted against age (Fig. 2). The concentration was high in 
embryos less than five months of age (15 to 35 mg./100 ml.) but 
decreased during the last month of embryonic development 
(6 to 12 mg./100 ml.). In calves the concentration was low, but 
showed a gradual increase, reaching adult level at the end of the 
first year. In the vitreous body of cows and bulls the hexosa- 
mine value is, in general, lower than the values in the steer 
vitreous body reported earlier.’ 

Column chromatography was applied to pooled occipital 
samples of steers, calves, and embryos of different ages. The 
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Fic. 1. Volume of the eyeball and of the vitreous body in animals of different age. 
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Fic. 2. Hexosamine concentration in the occipital part of individual vitreous bodies (¢@, cow; #&, bull; @, embryo, calf or steer). 
Vertical line represents the standard deviation of individual determinations made on 3-year-old steers. 


TABLE I 
Chromatographic separation of glucosamine and galactosamine in 
pooled occipital samples of vitreous body from cattle 
of different age groups 


| Concentration 
Age groups Recovery galactosamine 
| Glucosamine Galactosamine ratio 
| mg./100 ml. | mg./100 ml. % | 
Embryos | | 
4to5months.. 4.05 | 1.35 
6 months... 11 
S to 8.5 | 
months......| 4.45 | 1.96 85 2.3 
Calves | | 
lto2months..,; 6.47 | 1.84 99 3.5 
Steers | | 
1 to3 years.... 24.5 | 1.4 | 95 17.5 


results are tabulated in Table I. The galactosamine concen- 
tration of the vitreous body is fairly constant in animals of 
varying age; viz. 1 to 2 mg./100 ml. The differences between 
the amount of hexosamine recovered on the column and the 
values obtained from direct hexosamine determination were 
within the error of the method. This indicates that in the 
vitreous body of embryos and calves, just as in that of adults,! 
the direct hexosamine determination gives reliable results. 
The distribution of hexosamine in the vitreous body is not 
homogeneous.! In the anterior part of the steer vitreous body 
the hexosamine content is approximately half the concentration 
in the posterior part. To check this difference similar experi- 


TaBLeE II 
Hezosamine and protein nitrogen content of anterior and posterior 
samples of vitreous body from cattle of different age groups 
All embryo and calf samples are from individual eyes. The 
steer sample is from pooled vitreous bodies. The calves were 1 
to 4 months old. The steers were 1 to 3 years old. 


Hexosamine Protein nitrogen 
Sample 
Anterior Posterior Anterior Posterior 
mg./100 ml. mg./100 ml. mg./100 ml. mg./100 ml. 

Embryos 

4.5 months... 13.9 13.4 41.5 

4.5 months... 5.3 4.6 

5 months..... 7.8 10.5 18.4 18.6 

7 months...._. 4.9 4.7 9.0 14.4 

8 months... 3.1 5.5 5.9 9.3 

9 months. . 4.7 6.6 4.8 7.3 
Calves 

No. 1... 4.3 8.8 6.5 7.3 

No. 2... 3.0 5.4 5.0 7.1 

No. 3... 3.7 5.5 5.6 6.9 

No. 4... 4.1 7.3 6.9 7.7 

No. 5... 4.5 5.7 5.9 7.8 

No. 6... 6.8 14.1 4.1 8.8 
Average......... 4.4 7.8 5.7 7.6 
ee | 13.6 25.0 5.7 7.6 


ments were performed on calf and embryo eyes. The results 
are given in Table II. In 4- to 7-month-old embryos there was 
no significant difference in the hexosamine concentration of the 
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Fig. 3. Hexuronic acid concentration in individual and pooled samples of vitreous body (A, individual occipital samples; @, in- 


dividual total vitreous samples; A, pooled posterior samples; O, pooled anterior samples). 


of determinations made on individual steer eyes. 


two samples, but in 8- to 9-month-old embryos and in calves the 
difference became more and more marked, with a higher hexosa- 
mine concentration always in the posterior part. 

Hezxuronic Acid—Hexuronic acid analyses were made on some 
of the individual and pooled samples on which hexosamine was 
also determined. The hexuronic acid concentration in the 
occipital part of the vitreous body is given in Fig. 3. For com- 
parison, analysis values for other parts of the vitreous body 
are also included. In embryos the hexuronic acid concentration 
is very low but increases after birth. The concentration was 
always higher in the posterior than in the anterior part of the 
vitreous body. 

Ester sulfate—Seven pooled occipital samples of vitreous body 
from animals varying in age from 6-month-old embryos to adult 
steers gave sulfur values between 0.2 to 0.4 mg./100 ml. of 
vitreous body. The concentration did not vary with the age 
of the animal, and both the lowest and the highest values were 
found in steers. 

Protein Nitrogen—The level of the “soluble protein” nitrogen 
was fairly constant: 8 mg./100 ml. from birth throughout life 
(Fig. 4). The individual variation was smaller than for hexosa- 
mine. The protein nitrogen concentration was highest in 
embryos less than four months old and decreased, gradually 
reaching, in 8-month-old embryos, the same level as in calves. 
The highest nitrogen values in 3- to 4-month-old embryos (30 
to 86 mg./100 ml.) are not recorded in Fig. 4. Protein nitrogen 
values from anterior and posterior parts of the vitreous body 
are given in Table II. The nitrogen of the soluble protein 


Solid line indicates the standard deviation 


fraction is lower in the anterior part than in the posterior, as is 
the case for hexosamine and hexuronic acid. 

Hydroxyproline—Another protein fraction of the vitreous body 
can be collected as the sediment after high speed centrifugation.’ 
The collagen content of the sediment can be estimated from the 
hydroxyproline determination. Fig. 5 gives the concentration 
of collagen in the occipital sample of the vitreous body of animals 
of different ages. Data are also given on the concentration of 
collagen in the anterior and posterior vitreous body, with the 
higher values always in the anterior samples. Because of the 
small volume of vitreous available, we were not able to deter- 
mine the collagen content in the anterior samples of embryos. 

The electrophoretic pattern observed in the occipital sample 
of the vitreous body of animals of different ages is shown in 
Fig.6. It has been shown previously that the sharp, fast-moving 
peak in the steer vitreous body (Fig. 6 a) is hyaluronic acid 
(16). The area of this peak is much smaller in the calf vitreous 
body (Fig. 6 6) and could only be traced as a small, broad peak 
in embryos (Figs. 6 c, d). The protein components dominate 
the electrophoretic patterns of the vitreous body of young ani- 
mals. The first large peak after the hyaluronic acid has the 
same mobility as albumin. The mobility of the peak after 
albumin corresponds approximately to that of the a-globulins 
and is most, prominent in the vitreous body of embryos and 
voung calves. 

Ascorbic Acid—The amounts of oxidized forms of ascorbic 
acid, e.g. dehydroascorbic acid and diketogulonic acid, were 
always found to be low and in no case did they constitute more 
than 10 per cent of the total ascorbic acid. This level is close to 
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Fig. 4. Protein nitrogen concentration in the occipital part of individual vitreous bodies (¢@ , cow; @, bull; @, embryo, calf or steer). 
Solid line represents the standard deviation of determinations made on steer eyes. 
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Fic. 5. Collagen concentration in different parts of the vitreous body (@, individual occipital samples; @, pooled occipital samples; 


A, pooled posterior samples; and O, pooled anterior samples). 


made on individual steer eyes. 


Solid vertical line represents the standard deviation of determinations 
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the margin of error for the determination method when samples 
of low concentration are used and therefore cannot be measured 
with accuracy in those samples. It is also possible that a small 
amount of ascorbic acid is oxidized during the preparation pro- 


Fic. 6. Electrophoretic patterns of occipital samples of the 


vitreous body of steers, calves and embryos. Veronal buffer, 
ionic strength 0.12; current 10 ma. Ascending side; arrows indi- 
cate migration toward the anode. (a) Steer (1 to 3 years old): 
original viteous body concentrated 13.5 X, pH 8.15, after 278 min- 
utes, bar angle 40°. (6) Calf (4 to 1 month old): original vitreous 
body concentrated 1.8 X, pH 8.50, after 348 minutes, bar angle 
70°. (c) Embryo (6 to8 months old): original vitreous body con- 
centrated 2.6 X, pH 8.88, after 263 minutes, bar angle 75°. (d) 
Embryo (3 to 4 months old): original vitreous body concentrated 
2.5 X, pH 8.75, after 257 minutes, bar angle 81°. 
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cedure. All values given below are the sum of reduced and 
oxidized ascorbic acid. 

61 individual steer eyes gave an average of 13.7 mg. of ascorbic 
acid in 100 ml. of vitreous body with a standard deviation of 
1.6 mg. and » spreading of the values from 9.2 to 22.0 mg./100 
ml. Fig. 7 shows that, from birth throughout life, the ascorbic 
acid concentration of the vitreous body is within the same range 
but with a large individual variation. From the second month 
of embryonic life until birth, there is a gradual increase in the 
ascorbic acid concentration, which reaches the adult level im- 
mediately after birth (Fig. 7). 

Calcium—The calcium values showed the least individual 
variation. The level in newborn animals and in adults was 4.5 
to 5 m.eq. per liter, but it was higher in embryos (Fig. 8). The 
calcium concentration in the serum of embryos 3 to 5 months 
old was found to be about 8 m.eq. per liter, and in 7- to 9-month- 
old embryos, 7 m.eq. per liter. 


DISCUSSION 


Morphological studies indicate that the vitreous body under- 
goes various changes during its embryonic development (17). 
The first important change is the transformation of a vascular 
and cellular vitreous body into a cell-free, avascular tissue; 
only Cloquet’s canal, a vascular strand connecting the optic 
nervehead with the posterior lens pole, remains. This stage is 
reached in cattle in approximately the third month of develop- 
ment. In addition to the cells in Cloquet’s canal, the only 
other cells present are in the cortical layer of the vitreous body, 
where they remain throughout life (18). The next stage of 
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Fig. 7. Ascorbic acid concentration in the occipital sample of individual vitreous bodies (¢@ , cow; ¢, bull; @, embryo, calf or steer). 


Vertical line represents the standard deviation of determinations made on 61 steer eyes. 


acid is recorded, 


The sum of oxidized and reduced ascorbic 


a. b. 

| 

| 

| 

| 

| 

| 

| 

| 


Vol. 234, No. 2 


428 Structure of the Vitreous Body 
a 
LJ 
e 
° 
8 
E ee 
< 
s “T 
U 
i 3 7 
months ‘4. months years 
birth 
AGE 


Fic. 8. Calcium concentration in the occipital sample of individual vitreous bodies (¢, cow; @, embryo, calf; O, steer). 


development is characterized by a considerable increase in the 
volume of the cell-free gel. During this phase Cloquet’s canal 
slowly disappears and the retinal vessels begin to develop. This 
stage is not completed until the eye reaches adult size. The 
present biochemical study was carried out on eyes in the second 
stage of development, with special regard to some components 
of the vitreous body which may be involved in the formation 
and maintenance of the gel. 

Since the amount of organic materials in the vitreous gel is 
very low, the slightest contamination by blood or cellular ma- 
terial from neighboring tissues will cause erroneous analysis 
values. In embryos younger than 4 to 5 months it was impos- 
sible to avoid contamination by microscopic pieces of retinal 
tissue. The analysis values for younger embryos must be con- 
sidered with this in mind. There is an uneven distribution of 
macromolecular components in the vitreous body! which 
makes it difficult to undertake a comparative study of the vitreous 
body of animals of various ages. The occipital sample, how- 
ever, offered for such a study material which is most easily re- 
producible. Although small variations in the cutting technique 
may still lead to some differences in the analysis values, the 
concentration changes in the course of development are far 
greater than these variations could account for. 

Compounds Containing Hexosamine—The greater part of the 
nondialyzable hexosamine in the bovine vitreous body is glucosa- 
mine. Its concentration increases gradually from the sixth 
embryonic month (Fig. 2). Part of it belongs to hyaluronic 
acid (19) which gives a well defined peak in the electrophoretic 
pattern. The amount of hyaluronic acid is small in the vitreous 
body of embryos and increases in calves and adults as the con- 
centration of hexuronic acid increases (Fig. 6). 


Insome cases, hexosamine and hexuronic acid were determined 
in the same vitreous samples of embryos, calves, and steers. 
The molar concentration of total hexosamine plotted against 
hexuronic acid is shown in Fig. 9. The molar ratio is close to 
1:1 throughout the whole concentration range except in embryos. 
However, the hexosamine in the vitreous body of young calves, 
and especially in that of embryos, has a much higher concentra- 
tion than the hexuronic acid. It is most probable that some of 
the hexosamine is a glycoprotein moiety. 

There is no significant variation in the galactosamine concen- 
tration of the vitreous body during the course of development. 
In embryos and in calves it represents 20 to 30 per cent of the 
total hexosamine, but in adult steers it is only 5 per cent. The 
galactosamine-containing compound has not been isolated and 
identified. It might be a sulfated polysaccharide, as the molar 
concentration of ester sulfate seems to be approximately equiva- 
lent to that of galactosamine. 

There is an even distribution of hexosamine in the vitreous 
body of very young embryos (Table II). However, hexuronic 
acid determinations indicate that the hyaluronic acid concen- 
tration is higher in the posterior part, as in adult animals.! The 
nonhyaluronic acid-hexosamine may therefore have a more even 
distribution pattern than the hyaluronic acid. 

Proteins—In these studies the proteins of the vitreous body 
were divided into a soluble and an insoluble fraction, and the two 
fractions were collected as the supernatant and the sediment after 
centrifugation at high speed. The small molecular, dialyzable, 
nitrogen-containing compounds were not included in these stud- 
ies. The distribution of collagen is uneven in the vitreous body 
of calves and steers, with the highest concentration in the frontal 
area.2 The collagen concentration in the occipital part of the gel 
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Fic. 9. Molar concentration of hexosamine and hexuronic acid determined in the same individual vitreous bodies. Occipital samples 


of embryos (A), of calves (A), and of steers (@); total vitreous samples of steers (O). 


ronie acid ratio. 


is fairly constant from the third month of embryonic life to adult- 
hood. This agrees with the observation of Boyer et al. (4) on 
residual proteins. 

The concentration of the soluble protein fraction in the vitreous 
body is low and remains constant from birth throughout life 
(Fig. 4). During embryonic life, however, it is considerably 
higher. The very high protein nitrogen values in 2- to 3-month- 
old embryos is probably an indication that the formation of 
the avascular, cell-free vitreous body has not been completed. 

The electrophoretic pattern of the embryo and the calf vitreous 
body differs from that of the adult not only in the hyaluronic 
acid peak but in other respects as well. In embryos there is a 
large peak corresponding to that of the a-globulins, which is not 
present in adults. It is interesting to note that the plasma of 
cattle embryos and calves contains a glycoprotein, fetuin, in the 
a-globulin fraction (20, 21). Fetuin makes up about 50 per 
cent of the total protein in the embryonic plasma and contains 
S per cent hexosamine (21). Although we have not isolated 
fetuin from the embryo or the calf vitreous body, both the 
electrophoretic pattern and the high nonmucopolysaccharide 
hexosamine content (Fig. 9) suggest its presence. 

Ascorbic Acid—The concentration of ascorbic acid is much 
higher in the adult vitreous body than in serum (5, 22). At 
birth ascorbie acid has already reached its adult level, which 
was found to be 13 mg./100 ml. and is in good agreement with 
the concentrations found by spectrophotometric determination 
(5). The ascorbic acid concentration in the vitreous body of 2- 
to 3-month-old embryos is 3 to 4 mg./100 ml. and continues to 
increase until birth (Fig. 7). 

Calcium—It is known that polyuronic acids can form gels in 


Solid line represents the 1:1 hexosamine-hexu- 


the presence of calcium (23). Therefore, the calcium content 
was followed along with the other determinations made on the 
vitreous body. The adult concentration of 4.5 to 5 m.eq. per 
liter agrees very well with the values given by other authors 
(24). In embryos the values were generally higher, reaching 
& maximum at about 8.5 m.eq. per liter in 2.5-month-old embryos. 
It was reported recently that the calcium content in the serum 
of human and pig embryos is higher than in the mothers’ serum 
(25). This agrees with our observation in cattle. In adult 
cattle the calcium content of the vitreous body is very similar 
to that of the serum (24). Therefore, one can conclude that the 
calcium content of the vitreous body and of serum changes with 
age and seems to be independent of the hyaluronic acid content 
of the gel. 

The present investigation shows that the vitreous gel is not 
fully developed from a biochemical point of view until the animal 
reaches adulthood. The size of the eyeball continues to increase 
from early embryonic life to adult age, and the volume of the 
vitreous body closely follows this growth: its size at birth is 
about half the adult size. The volume increase of the avascular, 
cell-free vitreous gel is related not merely to a swelling of the 
tissue, but represents a net increase in the amount of the gel- 
forming material. 

One must clearly differentiate between the concentration of 
such macromolecular components of the gel as collagen, hyalu- 
ronic acid and proteins, and the total amount of these components 
at any stage in the development of the vitreous body. Although 
the concentration of collagen and soluble proteins does not 
change after birth, the total collagen and soluble protein content 
increases as the volume increases. The concentration of small 
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molecular components such as ascorbic acid and calcium is 
also constant after birth. The only component which shows an 
increase in concentration after birth is hyaluronic acid. The 
concentration of another hexosamine-containing compound, 
possibly fetuin, decreases after birth. 


SUMMARY 


The biochemical changes in the developing cattle vitreous 
body (from 2-month-old embryos to 10-year-old adult animals) 
have been followed. It was found that: 

1. The hyaluronic acid concentration is low in the embryo 
vitreous body and increases to the adult level during the first 
year after birth. 

2. The concentration of nondialyzable galactosamine is 
constant (1 to 2 mg./100 ml.) during the whole age range studied. 
The molar concentration of the ester sulfate present is about 
equivalent to that of the galactosamine. 
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3. The vitreous body of young embryos contains hexosamine, 
but very little hexuronic acid. It is suggested that most of the 
hexosamine belongs to fetuin, a glycoprotein also present in the 
a-globulin fraction of embryo and calf plasma. The electro- 
phoretic picture of the embryo vitreous body indicates a large 
a-globulin fraction. 

4. The collagen concentration in the occipital part of the 
vitreous body is rather constant during all stages of development. 

5. The soluble protein concentration of the vitreous body 
does not change after birth, but it is higher in embryos. 

6. The ascorbic acid concentration increases during the pre- 
natal period, reaching its adult level after birth. 

7. The calcium concentration remains constant after birth, 
but it is high during the prenatal period. In both cases it fol- 
lows the concentration in serum. 

The biochemical development of the vitreous body is not com- 
pleted until adulthood. 
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In previous studies (1, 2) we showed that fatty acid-labeling 
from acetate-1-C' was drastically reduced after an 18-hour 
fast. Cholesterol-labeling was less affected and CO. produc- 
tion was undisturbed. These results suggested that cholesterol 
formation and COs production were about the same in the fed 
and short term fasted animals, but that fatty acid formation 
was greatly reduced in the fasted animal. Should these appre- 
ciable changes in lipide synthesis occur in a particular stage 
of fasting, it becomes necessary to know and control the times 
of feeding and fasting, if studies on variables other than feeding 
and fasting are to have meaning. ‘To understand better the 
magnitude of lipogenic variation in intact animals in the ‘‘non- 
steady”’ state, we have evaluated lipide and CO, formation 
during the interval between feeding and the 18-hour fast pre- 
viously (2) studied. Others (3-8) have studied, largely in 
vitro, the effect of dietary constituents upon lipogenesis, but 
none of these studies has been concerned with the immediate 
effects of feeding or of the immediate effects of fasting. 

Lipide-labeling from tracer acetate is herein shown to be 
directly related to the immediate past food consumption to such 
an extent that the lack of control of feeding and fasting periods 
might well obscure lipogenic variations being studied. 


EXPERIMENTAL 


As before (1, 2), intact, young, adult, male, Sprague-Dawley 
rats' ranging from 200 to 240 gm. were trained to feeding. The 
truined feeding regime consisted of two 1-hour feedings a day, 
excess food being removed from the cage at the end of the hour. 
Animals so trained gain weight somewhat more slowly than 
when fed ad libitum, but such feeding permits the precise defini- 
tion of feeding and fasting periods. The period after the 1-hour 
feeding is called the fasting period. 

Rats were given a tracer amount of acetate-1-C' (1) by in- 
jection and were placed in a metabolism apparatus (9) for the 
continuous collection and measurement of COs activities. 4 
hours after injection the rats were killed, the tissues separated, 
and the lipides isolated, quantitated, and radioassayed as before 
(2). The ‘1-hour fast” refers to an analysis of the tissues of 
an animal that, after a 12-hour fast, was fed for 1 hour, fasted 
for 1 hour, given the C™ acetate, and then fasted during an 


* This investigation was supported largely by Contract No- 
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the American Society of Biological Chemists at Chicago, April 
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R. M. Cockburn in June, 1955, to the University of Oregon Medi- 
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of Master of Science. 
| Sprague-Dawley, Inc., Madison, Wisconsin. 


additional 4-hour CO, collection period. The seven animals of 
the 45-minute fed group constituted a pool of animals, four of 
which were used 30 minutes and three of which were used 60 
minutes after the start of the feeding period. 


RESULTS 


A discussion of the data below is best approached by consider- 
ing the conditions of trained feeding. Before the use of the 
animals, a 12-hour fast had been in force and then a 1-hour 
eating period was permitted. The respense of any of the 
groups, then, is made dependent upon the modifying effect of 
the feeding regime over the effect of the fasting period. For this 
reason, the 12-hour fast group is used as the control group for 
the series. 

The data obtained from the CO: collections are presented in 
Table I in which the mmoles of CO: per hr. per 100 gm. of body 
weight, the specific activity of the COs, and the per cent of the 
acetate-1-C™ incorporated are tabulated. In this short fast 
period of 12 hours it was not possible to demonstrate clearly 
the progressive decrease in CO, production and the increase 
in CO. specific activity shown earlier (1) for more extended 
fast periods. The difference between the values reported for 
the millimoles of CO, at the 12-hour fast time and at the 45 
minute feeding time is not significant.2,_ The differences for the 
specific activity and per cent incorporation values for the 12-hour 
fast and 45-minute fed animals are significant.2, The present 
data considered together with the previous study (1) suggest 
that the fasting period causes a decreased production of CO, 
but an increased use of the acetate-C™ for C™O. production. 
Decreased availability of endogenous acetate and increased 
use of exogenous acetate (acetate-1-C™) for oxidation reactions 
would tend to yield the CO: information obtained. It would 
appear then that the fasting state, although causing a decrease 
in the flow of endogenous acetyl through the oxidative cycle, 
did not grossly affect the activation or oxidation of free tracer 
acetate. 

In this instance, it would seem that the information obtained 
on the utilization of exogenous tracer has somewhat limited 
value, for C4O, production does not appear to mirror the C?O. 
found to be produced. 

Data obtained from the lipide separation and analysis are 
presented in Table II. Since the responses of the animals of 
the 30- and 60-minute feeding groups appeared to be the same, 
the results from these animals were pooled and are presented 
as a 45-minute feeding group. 

2 In these studies, the significance of the difference between 
means was compared by means of the ¢ test at a 0.95 confidence 
level. 
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TABLE I 


CO, and CO, information obtained from 4 hours of CO: collection 
after injection with acetate 


Group ‘of CO;* | Incorporationt 
mmoles/hr./100 gm.t c.p.m./mmolest 

12-hr. fast....| 4 | 5.57 0.259 1.32 + 0.057 | 77.2 + 3.49 
45-min. fed.... 7 | 6.39 + 0.283 | 1.05 + 0.032 | 63.4 + 3.47 
l-hr. fast..... 9 | 6.10 + 0.185 1.24 + 0.220 | 65.9 4+ 3.55 
3-hr. fast. .... 5 | 6.26 + 0.071 | 1.04 + 0.060 | 60.0 + 2.06 
5-hr. fast..... 4 6.26 + 0.429 1.22 + 0.141 ; 70.4 + 5.84 
8-hr. fast..... 3 | 5.75 + 0.479 | 1.18 + 0.231 | 69.0 + 6.65 


* Collected as Na2CO; in NaOH, weighed, and radioassayed as 


+ (c.p.m. per mmole X mmoles of CO: collected in 4 hours X 


100)/c.p.m. of acetate-1-C'* administered. 
t Standard error of the mean is given. 


It is readily seen that animals used, after even as short a 
feeding period as that of the 45-minute group, have gross in- 
creases in lipogenic activity; liver, gut, carcass, and skin frac- 
tions increasing 4-, 7-, 6-, and 3-fold, respectively. After this 
initial increase, the time course of fatty acid-labeling differed 
in the four tissues. The maximal incorporation into liver fatty 
acids occurred at the 3-hour time, after which a precipitous fall 
occurred during the following 2 hours. Skin fatty acids had 
maximal activity after the 45 minutes of feeding. Lipogenic 
activity of the skin decreased less than did the liver fraction, 
but again a minimum was reached at 5 hours. The increase 
seen in the skin fraction during the 5- to 8-hour period is not 
significant. Similar early maximal incorporations occurred 
with both gut and carcass fatty acid fractions but the subsequent 
cyclic variations in either case are not significant. The causes 
of the apparent trend toward a cyclic response, particularly in 
the case of skin and carcass are not now clear. A similar cyclic 
variation has been reported by others (10). 
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The cholesterol fractions show a quite different response. In 
all cases, the effect of the 45-minute feeding period was a de- 
crease in acetate-1-C™ label incorporation into the cholesterol. 
The decreases seen in the case of carcass and skin are significant; 
those of liver and gut are not significant. After the initial 
decline in cholesterol-labeling, all tissues showed some increase, 
the increases of gut and carcass being significant. 

The depressed cholesterologenesis, which occurred with feed- 
ing, may be related to an influx of sterol into the tissues with a 
resultant decrease in sterol-labeling similar to that found by 
Gould (11). The amount of sterol available from the chow 
meal and transported to the tissues in the short period of eating 
(11) would not appear to be great enough to cause the changes 
observed. Actual measurements of this factor have not as yet 
been made. 

Our previous study (1) recorded changes that occurred in the 
amounts and concentrations of fatty acid during the protracted 
fast of 240 hours. Gross changes in the amounts of lipide pres- 
ent might well alter the percentage incorporation figures of the 
present study. Data obtained on the total lipide per tissue and 
on the concentration of lipide per gram of tissue are presented 
in Table III. Liver tissue shows a remarkable constancy in 
both fatty acid and cholesterol composition, and the other 
tissues, although showing only the usual 15 to 20 per cent spread 
in cholesterol values, show a wider spread of fatty acid values. 
There appears to be no progressive change in any of the values 
during the fast or feeding period, nor is there a direct correlation 
with lipide levels and the incorporation figures. 

Although additional numbers of animals in several of the 
groups might allow for more precise definitions of the exact 
lipogenic and cholesterologenic responses, such precision of 
measurement would give data pertinent only to the exact con- 
ditions of our experimentation and would have little general 
meaning. The purpose of the present communication is to 
point out that under conditions of fasting and feeding, very 
large changes in lipide-labeling may occur, the precise degrees 
of which are likely dependent upon the particular experimental 


TABLE II 
Incorporation of C'* of acetate-1-C'* into fatty acids and cholesterol fractions of four tissues 
Group | No. of rats | Liver | Gut Carcass Skin 
% Incorporation in fatty acids* 
i eee Pog 0.12 + 0.04* 0.67 + 0.12 0.95 + 0.10 0.47 + 0.14 
45-min. fed. . > Pee ee 7 0.53 + 0.09 4.38 + 0.54 5.58 + 0.89 1.34 + 0.04 
0.71 + 0.11 3.68 + 0.98 3.93 + 0.43 1.42 + 0.24 
ee. a oe we ote 5 0.78 + 0.16 4.83 + 0.83 5.10 + 0.33 1.08 + 0.15 
4 0.25 + 0.04 1.48 + 0.03 2.78 + 0.47 0.61 + 0.09 
3 0.15 + 0.01 1.36 + 0.32 2.58 + 0.69 0.90 + 0.13 
% Incorporation in cholesterol* 
ES EIEIO ee oe 0.13 + 0.036 0.24 + 0.024 0.21 + 0.01 0.14 + 0.02 
ko | 7 0.10 + 0.01 0.19 + 0.02 0.17 + 0.01 0.092 + 0.01 
oS, Sen ee i) 0.15 + 0.006 0.32 + 0.01 0.22 + 0.01 0.113 + 0.01 
3-hr. fast. 5 | 0.12 + 0.17 0.37 + 0.02 0.18 + 0.02 0.08 + 0.011 
5-hr. fast. | 4 | 0.07 + 0.003 0.18 + 0.02 0.15 + 0.03 0.08 + 0.02 
3 | 0.10 + 0.007 0.21 + 0.03 0.19 + 0.02 0.12 + 0.03 


* (C.p.m. per mg. X mg. of lipide isolated XK 100)/c.p.m. acetate-1-C' administered; standard error of the mean is given. 
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techniques. For the purposes of this paper, such exact defini- 
tions are less important than the demonstration of the over-all 
phenomena. 


DISCUSSION 


Lipide-labeling from acetate-1-C™ is generally considered to 
reflect lipide synthesis, and the magnitude of the labeling is 
usually assumed to reflect the rate of lipide synthesis. It is 
interesting to speculate on the dynamics of lipide synthesis in 
terms of the rapid rise seen here in fatty acid-labeling after 
short term fasting. It is unlikely that the absorption of acetate 
from the peritoneal space, its distribution to the tissues, or its 
uptake by the tissues is rate-limiting when the fasted and fed 
groups are compared, for the amount of CO, produced was 
even somewhat higher in the fasted group. The time course 
of C4O, excretion, continuously determined on al] the animals, 
also showed that the time of the initial appearance of CO, 
and the shape of the time course curves were identical. The 
labeled acetate then was available at tissue sites and became 
activated to acetyl-CoA in the tissues. If endogenous produc- 
tion of acetyl-CoA should grossly decrease within the time of 
the feeding period, the tracer might then undergo less dilution 
at the site of tissue synthesis, resulting in an increase in the 
proportion of exogenous to endogenous C"*-acetate incor- 
porated into lipides. Evidence against this dilution explana- 
tion is available also from the CO, studies. If it is considered 
that cellular acetyl-CoA is common to both COse and fatty 
acid-forming systems, then the decrease seen in CO, specific 
activities with feeding would indicate that an increase in acetyl- 
CoA C™ specific activity did not occur. 

It has been suggested that simultaneous active glycolysis is 
necessary for lipogenesis (8), that carbohydrate availability is 
an important adjunct to lipogenesis (3, 6), and that a correla- 
tion exists (4) between liver glycogen levels and lipogenesis. 

In an attempt to define the dietary component or factor re- 
sponsible for the rapid increases seen in lipogenesis, preliminary 
studies of the effects of certain intermediates were made. In 
place of the final chow meal, glucose, lactate, pyruvate, glycerol, 
succinate, and citrate were fed by stomach tube in single 0.5- to 
1.0-gm. doses. In all of the animals, lipogenesis was increased 
over the fasting period, the greatest effect being shown by 
glucose and pyruvate and the least, by citrate. In no case 
did any of the single compounds cause an increase in lipogenesis 
equal to that found from the chow feeding. The decreased 
cholesterol-labeling seen in the case of chow feeding was not 
found. 

Liver glycogen was determined in a number of the rats, but 
no direct correlation was seen between glycogen levels and 
lipogenic activity. It is necessary to recall that the “fixation” 
of the acetate label of acetate-1-C™ into lipides occurs shortly 
after injection (12) of the tracer and that the stimulating effect 
of any condition or regime must be present within this short 
period of acetate availability (12, 13). 

If the increase in lipide C" activities indeed reflects an increase 
in the rate of lipide synthesis, it is reasonable to attempt to 
establish the source of the acetyl units used for this synthesis. 
As was stated earlier, the animals used at 30 minutes after 
eating showed lipogenic activity not dissimilar to those used 
at 60 minutes. That a large flow of acetyl units might become 
available to the tissues after only 30 minutes of eating does 
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Taste 
Total amount and concentration of lipide in tissues 


The average body weights of the animals in the order of presen- 
tation below were 224, 222, 225, 223, 232, and 227 gm., respectively. 


Carcass* | 


Liver* Gut* Skin* 
Group | i | 
| ei ei | -a | B 
Fatty acids 
12-hr. fast... 309 | 33.3. 1,210 67.111,140 | 48.3 7,440 180 
45-min. fed... 290 33.1 1,555, 53.5.10,035 | 76.0 6,740 | 182 
1-hr. fast...... 31.0 1,260 41.6 8,520 | 63.4 5,700 158 
3-hr. fast... 305 | 1,056 38.9 7,540 54.8 4,830 127 
5-hr. fast 300 33.7 1,460 64.510,080 76.3 17,140 181 
S-hr. fast... 314 33.5 1,550 69.211,190 79.5 7,900 215 
| 
Cholesterol 
12-hr.fast.....| 21.1 2.3 42.2; 2.3 203/ 1.4| 131/ 3.5 
45-min. fed... 17.7. 2.0 49.2) 1.8 193 1.5) 125| 3.5 
l-hr. fast... 21.2} 51.9; 165; 1.23) 3.3 
3-hr. fast... | 22.4) 2.4 50.0} 1.9 207, 3.5 
5-hr. fast 19.7; 2.2, 48.0; 2.1) 205] 1.5! 142| 3.6 
8-hr. fast... 21.8} 2.3 46.7; 2.1) 147/| 4.0 


*A = total mg. per tissue; B = mg. per gm. of tissue. 


not seem likely. It may be that as food is taken in by the rat 
and digestion and absorption begin, the flow or availability of 
acetyl units, although small, is enough to shift the general met- 
abolic equilibrium throughout the body from a net breakdown 
of glycogen, protein, and fatty acid to a net synthesis. Should 
biosynthesis then result from simple shifts in reactions that 
are for the most part reversible, it appears conceivable that the 
increases seen in fatty acid-labeling might result from the appear- 
ance of small amounts of exogenous metabolites. The exogenous 
metabolites then, in addition to increasing the supply of readily 
utilizable substrate, serve as deterrents to the breakdown or 
degradative reactions. Data are not available from the present 
studies to explain further the rapidity of the changes in lipide- 
labeling reported here. It is likely that studies designed to 
answer this question will require the use of multiple dietary 
mixtures and the following of the absorption of dietary com- 
ponents with appropriately labeled metabolites. 

Because of the wide variations and abrupt changes shown in 
lipide-labeling, it would appear to be necessary to control the 
feeding and fasting periods of experimental animals, if variables 
other than feeding and fasting are to be considered. 


SUMMARY 


A study has been made on adult male rats of the effects of 
feeding a chow meal upon lipide-labeling from acetate-1-C™. 
It was found that fatty acid-labeling is sensitive to food intake 
to the extent that in an hour after the start of eating, maximal 
fatty acid-labeling occurred. The stimulatory effects of the 
l-hour meal are maintained for only 3 hours. Cholesterol- 
labeling was initially depressed by the feeding period but re- 
turned to or rose above the prefeeding level during the first 
hour of fasting after which it fell to prefeeding levels. 

The immediate effect of feeding a chow meal and the subse- 
quent sharp decrease in lipide-labeling makes adequate control 
of feeding and fasting indispensable for studies on lipide-labeling. 
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R. J. Emerson, W. C. BERNARDS, AND J. T. Van BruGGen 


From the Department of Biochemistry, University of Oregon Medical School, Portland, Oregon 


(Received for publication, August 13, 1958) 


We have previously described (1) the effects of refeeding upon 
lipide-labeling in the intact rat. In an attempt to understand 
better the factors causing the abrupt changes in lipide-labeling 
which were described, we have made a study of acetate-1-C" 
metabolism in the system in vitro. In the present study the 
effect of refeeding upon CO, formation and upon fatty acid- 
and cholesterol-labeling are reported, and these studies in vitro 
are compared to the findings of the studies in vivo. Lipogenesis 
is seen to be influenced similarly in the two systems, but cho- 
lesterologenesis is shown to differ grossly. In addition to this 
difference in the response of the two preparations, it is also 
shown that a proper control of the immediate past diet is neces- 
sary if studies involving lipide-labeling are to be adequately 
controlled. 


EXPERIMENTAL 


Details of the method in vitro have been previously described 
(2). Young, adult, male, Sprague-Dawley rats (Northwest 
Rodent Company, Pullman, Washington) of about 200 gm. 
were trained to feeding as before (1) to permit exact control 
of feeding and fasting periods. In general, 1-gm. aliquots of 
liver slices were incubated in 27 ml. of phosphate buffer in 
125-ml. Warburg flasks. Tracer quantities of acetate-1-C"™ 
were added from a side arm of the Warburg flask after equilibra- 
tion and contained 100,000 c.p.m. (as infinitely thick BaCOs3) 
in 0.253 umoles of acetate. Tissues of 41 rats trained to feed- 
ing were used in the present study, each tissue being run in 
duplicate, and the average of the duplicate flasks being used 
as the response of that particular tissue. A minimum of four 
animals was used in each time period studied. In the studies 
in vivo (1), rats were given the tracer by injection at a fasting 
time starting from the end of the 1 hour of feeding. In the 
present studies in vitro, 1 hour elapsed between the time of 
death of the rat and the time of addition of the tracer to the 
slices. This hour, during which the slices were prepared and 
the tissues were weighed, added to the flask, and equilibrated, 
constitutes an additional hour when the hepatic tissue was 
deprived of its normal circulation and supply of absorbed metab- 
olites. In these studies, then, an animal used immediately 
after the final 1-hour meal is called a ‘“1-hour fed rat,’”’ and an 
animal used 1 hour after the end of the final meal is called a 
‘“1-hour fasted rat,” in keeping with the terminology of earlier 


* This investigation was supported largely by Contract No. 
AT (45-1)-225 of the United States Atomic Energy Commission. <A 
preliminary report was presented at the meeting of the American 
Society of Biological Chemists, Chicago, April 13-19, 1957. These 
data are in part from material submitted by Robert J. Emerson 
to the University of Oregon Medical School in partial fulfillment 
of the requirements for the degree of Master of Science. 


studies (1). The present studies, then, differ from the studies 
in vivo in that the liver slices have been “fasted” for an addi- 
tional hour. 

The Purina laboratory chow fed all animals contained approx- 
imately 23 per cent protein and 5.0 per cent fat and thus repre- 
sents a high carbohydrate diet favorable for lipide synthesis. 

After 1 hour of incubation, the slices were removed, washed, 
and digested in alcoholic KOH. Saponifiable and nonsaponi- 
fiable fractions were separated as before (2). NasCO; of the 
center well was precipitated and assayed as BaCQ;. Lipides 
were radioassayed at infinite thinness (0.3 mg. per cm.?). All 
activities were converted to their BaCQ; infinite thickness 
activities for comparison. Radioassay was by conventional 
end window Geiger-Miiller counters or by open window Q gas 
counting. The radioassay and related calculation were as 
previously described (3). 


RESULTS 


Table I records the data obtained on the gaseous exchange of 
these tissues. There appears to be no consistent increase or 
decrease in either O2 uptake or CO, production during the 12- 
hour period studied. The small decrease seen in COz production 
in the intact animals does not seem to be present here. Any 
changes in COz amount or specific activity are minimized when 
the CO, per cent incorporation data of Table II are considered, 
for the range of 9.8 to 11.7 in percentage incorporation found 
in the series is within the limits usually found in this work. 

Information on the effects of feeding and fasting on lipide- 
labeling is presented in Table II. It is at once clear that al- 
though the animals used in the studies in vivo (1) and in vitro 
were prepared identically, the feeding period had a much earlier 
effect upon fatty acid-labeling in the case of the preparations 
in vivo previously reported. The less than 2-fold increase 
above fasting seen in the fatty acid fraction in vitro at the 1-hour 
time is followed by more than a 4-fold increase during the sub- 
sequent hour. The 1 hour of feeding, then, caused an 8.5-fold 
increase in lipogenesis to occur at the 2-hour fast time. It is of 
interest that maximal lipogenesis was obtained at similar times 
in the preparations in vivo and in vitro and that the increases 
seen were of a similar magnitude, being 6.5 and 8.5 times, re- 
spectively. Following the maximal response, there was found 
a rather uniform decline to the low value of the 12-hour fast. 
These data show that fatty acid-labeling and, presumably, fatty 
acid synthesis are grossly influenced by the immediate past 
food intake. With such abrupt increases and decreases in 
labeling within the short period of 2 hours after eating, it would 
appear necessary to control conditions of feeding and fasting 
exactly when the effect of some additional variable is being 
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TaBLeE [ 

Oxygen utilization and carbon diozide production* 

Time Or usedt CO: producedt | R.Q. 
12-hr. fast....... | 6 62441.3 | 61.343.6 | 0.98 
63.6 + 2.8 53.9 + 2.3 0.85 
fee 4 58.1 + 0.6 52.7 + 2.9 0.91 
2-hr. fast. . 4 57.0 + 1.7 57.9 + 2.5 1.00 
4-hr. fast........} 12 56.2 + 1.5 51.7 + 2.3 0.92 
G-hr. fast.......-. | 4 53.0 + 2.3 58.6 + 1.4 1.00 
| 4 61.8 + 1.4 | 55.1 + 1.3 0.89 


* Micromoles of O2 uptake or of CO2 produced per gm. (wet 
weight) per hour. 
+ Standard error of the mean is given. 


TABLE II 


Per cent incorporation of acetate-1-C'* into carbon 
dioxide, fatty acids, and cholesterol 


| No Incorporation* 
Time of : 

| rats COst Fatty acidst Cholesterol t 

| % | % % 
i2-hr. fast..... 6 10.8 + 1.22 | 0.47 + 0.13 | 1.35 + 0.28 
l-hr.fed...... 5. 11.4 + 0.28 | 0.66 + 0.13 1.79 + 0.15 
fast. ..... 4 10.1 + 0.79 0.92 + 0.13. 1.68 + 0.40 
Sis. test...... 4 11.7 + 0.78 3.98 + 0.41 | 3.72 + 0.61 
4-hr. fast... .. 12 9.8 + 0.53 2.99 + 0.53 | 2.52 + 0.32 
6-hr. fast...... «11.4 + 0.53) 1.74 + 0.31 | 1.24 0.45 

4 «10.0 0.33 1.67 + 0.17. 1.54 + 0.20 


S-hr. 


* (Specific activity X total amount X 100)/dose. 
¢t Standard error of the mean is given. 


studied. It is of additional interest that the preparations in 
vivo and in vitro yielded results somewhat similar in magnitude 
and time of maximal response. 

The data obtained on the cholesterol fractions reveal that 
sterol-labeling of the liver slice preparation is also sensitive to 
the effects of fasting and feeding. The hour of feeding caused 
a small] increase in sterol-labeling over the 12-hour fasting 
period. No significant change! occurred in the subsequent 
hour but a significant increase! occurred during the 2-hour fast 
period. The maximal] labeling of the 2-hour time was not 
maintained but fell to low levels in the next 4 hours. Two fea- 
tures of this cholesterologenic response merit special attention. 
The depression seen in cholesterologenesis in the work in vivo 
(1) was not found here, and the increase seen in cholesterolo- 
genesis here after feeding was not found in the experiment in 
vivo. Although fatty acid synthesis in the two preparations 
was similar, it appears that cholesterol synthesis is quite differ- 
ent. If it is desired to utilize the liver slice preparation for 
quantitative studies involving rates of sterol synthesis, turnover, 
and so on, it is clear that adequate control of feeding and fasting 
periods is required just as in the fatty acid studies. A second 
qualification of the use of the slice for cholesterol studies stems 
from the dissimilarities of the preparations in vivo and in vitro. 
Removal of the liver from its physiological association with the 
circulatory system may be the cause or one of the causes for 


1 The difference between mean values has been evaluated with 
the use of the ¢ test at a confidence level of 0.95. 
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the apparent increase in cholesterol synthesis seen in the prep- 
aration in vitro. It is generally held (4) that liver and blood 
cholesterol are in dynamic balance and that liver cholesterol 
synthesis is controlled by tissue levels of cholesterol (4). The 
removal of the liver from metabolic equilibrium with blood 
cholesterol may be a sufficient stimulus to increase cholesterol 
formation. Whatever the cause for the increase in cholesterol- 
labeling, it would appear that this increase might well limit the 
use of the preparation in vitro for studies concerned with the 
establishment of factors controlling cholesterol metabolism in 
vivo. 

Additional points of difference between the preparations in 
vitro and in vivo are in the amounts of acetate-1-C" incorporated 
and in the ratios of the incorporations into fatty acids and 
cholesterol. At the 12-hour fast time, the preparations in 
vitro and in vivo incorporated 0.47 and 1.23 per cent into fatty 
acids and 1.35 and 0.13 per cent into cholesterol. These figures 
yield fatty acid to cholesterol ratios of 0.35 and 9.5 for the 
groups in wtro and in vivo. At the time of maximal labeling, 
the fatty acids had 3.98 and 0.78 per cent and the cholesterol 
fractions, 3.72 and 0.13 per cent incorporation, values yielding 
fatty acid to cholesterol ratios of 1.07 and 6.07, respectively. 


DISCUSSION 


Previous studies in this area of lipide metabolism have largely 
dealt with the effects of prolonged pretreatment with nutritional 
supplements in an effort to establish the prime factors controlling 
lipogenesis or have been concerned with the addition of purified 
substrates to homogenates. From such work it has been shown 
(5, 6) that dietary carbohydrate directly influences lipide-label- 
ing and that tissue carbohydrate levels (7) and active glycolysis 
(8) are directly related to fatty acid-labeling. Cholesterol- 
forming systems have been less well studied. 

It is not the purpose of the present work to define the particu- 
lar dietary components responsible for the carbon, hydrogen, 
and energy sources required for lipide synthesis. It is suggested 
that whatever the conditions of the experimentation, the con- 
trol of the times of feeding and fasting may be of considerable 
importance. The use of two daily feeding periods as herein 
used may not be the ideal way to control the time factor, but 
it has at least served to localize another variable concerned with 
studies on lipide-labeling. 

The problem of the use of the liver slice for studies on cho- 
lesterol metabolism remains to be resolved. Although the 
isolated tissues (2.e. slice, homogenate, or reconstituted enzyme 
system) have yielded qualitative information of the greatest 
importance, it is necessary to be aware of the limitations of the 
systems. The cholesterologenic difference between the prepara- 
tions in vivo and in vitro presented here is a case in point. 


SUMMARY 


The time course of CO, and lipide-labeling after standard 
feeding and fasting periods has been described. The extreme 
lability of lipogenic reactions and their dependence upon the 
immediate past food intake have been shown. The prepara- 
tions in vitro and in vivo, in regard to fatty acid-labeling, have 
been shown to respond to feeding similarly, but they respond 
in a different fashion as regards cholesterol-labeling. Use of 
the liver slice preparation for studies on the rates of cholesterol 
metabolism may yield results that differ from those involving 
the intact animal. 
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Method for Isolation of Large Quantities of Human 
and Canine Cardiac Myofibrils* 
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(Received for publication, July 31, 1958) 


Morphological and physiological studies have not provided an 
understanding of the basic mechanisms of myocardial failure. 
It is possible that in some instances the myocardial cell itself is 
defective and that the defect may involve changes in the intra- 
cellular production, transport, or utilization of energy required 
for efficient contraction. One factor leading to such changes 
may be intrinsic to the myofibrils themselves, and our attention 
has been directed to the isolation and study of the activity of 
these intracellular contractile units. 

The syncytial nature of the myocardium renders the isolation 
of single, intact myofibrils more difficult than it is with skeletal 
muscle. The following method, however, has proved satis- 
factory. 


EXPERIMENTAL 


Ventricular myocardium from canine and human hearts was 
used. The hearts were removed as soon as possible after death 
and washed or perfused with 0.154 m KCI to remove blood and 
blood clots. The great vessels and epicardial fat were dissected 
away and the ventricular muscle divided into pieces weighing 
30 to 50 gm. These were used at once or stored at —45°. 

In preparing myofibrils for study, the large blocks of myo- 
cardium were cut into smaller pieces. Muscle which had been 
kept at —45° was cut up while still frozen or only partially 
defrosted. The tissues were placed in an Eppenbach Colloid 
Mill (QV6) containing 200 ml. of a 4:1 glycerol-0.01 m Tris! 
buffer solution, pH 7.0. The mill was cooled with tap water 
circulating through the water jacket. During the first 5 min- 
utes of operation of the mill, the rotor-stator space was set at 
60 units and the rotor speed at 2500 r._p.m. This combination 
of a wide milling space and low rotor speed divided the myo- 
cardium into fragments of connective tissue and muscle cells. 
The rotor-stator space was then decreased to 18 units and the 
rotor speed increased to 3300 r.p.m. for 60 to 90 minutes. Dur- 
ing this time small samples were removed periodically and the 
progress of cellular fragmentation was followed microscopically. 
Milling was terminated after all cells had been disrupted and 
their component myofibrils released individually or in small 
packets. When fresh muscle or muscle which had been frozen 


* This study was supported by grants (H-1630 and H-3215) 
from the National Heart Institute, United States Public Health 
Service, the Muscular Dystrophy Associations of America, Inc., 
the Otho S. A. Sprague Memorial Institute, and the Chicago 
Heart Association. 

+t Research Fellow of the National Heart Institute, United 
States Public Health Service. 

1The abbreviation used is: Tris, tris(hyvdroxymethyl)amino- 
methane. 


immediately after death was used, the crude suspension was 
allowed to stand for 30 to 60 minutes at room temperature 
before further purification. 

The crude suspension was purified in a cold room at 2-3°. 
It was diluted with 1 volume of 0.154 m KCl and divided among 
eight centrifuge tubes. These were centrifuged at 1300 x g for 
30 minutes or until the supernatant was clear. The super- 
natants were discarded and the process repeated. The sedi- 
ment was then resuspended in 0.154 m KCl and centrifuged at 
1000 x g for 1 to 2 minutes and the upper, unpacked portion 
of the suspension retained. These were combined and con- 
centrated into four 40-ml. centrifuge tubes. The sediment was 
discarded. 

The retained portion was washed six times with 0.154 m KCl 
for 10 to 15 minutes at 630 x g, with the sediment being re- 
suspended each time. Finally, the sediments were suspended 
in 1:4 Tris buffer (1:4 in 0.154 m KCl at pH 7) and centrifuged 
for 30 to 60 seconds at 1000 x g. The upper, cloudy portion 
was retained and stored at 0°. Before use, this purified sus- 
pension was washed twice more with Tris buffer (1:4 in KCl at 
pH 7). 

This procedure was equally useful for isolation of myofibrils 
from human and canine skeletal muscle. 


RESULTS 


Effect of Variation of Post-mortem Period—Canine and human 
hearts were obtained at varying intervals after death and either 
milled at once or stored at —45° before milling. Myofibrils 
isolated from hearts obtained 4 to 6 hours after death and milled 
at once or without defrosting had the following characteristics. 
(a) Individual myofibrils were relatively long (120 to 150 y); 
(b) separation of the myofibrils from other tissue components 
was almost complete with only a few partially separated fibers 
present; and (c) the anisotropic (A) and isotropic (I) bands had 
slightly indistinct boundaries but were approximately equal in 
dimensions. 

Hearts obtained 6 hours or more after death, whether milled 
at once or frozen before milling, yielded myofibril suspensions 
characterized by: (a) numerous fragmented fibers, (b) short 
myofibrils, (¢) a distinct granularity of myofibrils, and (d) 
narrower sarcomere lengths with the “I”? bands generally nar- 
rower than the ‘‘A”’ bands. Suspensions with similar character- 
istics were obtained from hearts which were frozen within 4 to 6 
hours after death but which were allowed to defrost at room 
temperature before milling. 

Effect of Variation of Glycerol Content of Solution Used in 
Milling—When the myocardium was milled in small volumes of 
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buffer (a procedure satisfactory for isolation of myofibrils from 
skeletal muscle), numerous well preserved cardiac myofibrils 
were recovered. However, these disintegrated very soon after 
isolation. No myofibrils were obtained when small amounts of 
muscle were milled in large volumes of buffer. Mvyofibrils, 
obtained from fresh cardiac muscle milled in various aqueous 
buffers with glycerol concentrations up to 50 per cent, contracted 
spontaneously during the isolation procedure. When the glyc- 
erol concentration in buffer solutions was 70 per cent or more, 
there was a high vield of well preserved myofibrils which did 
not perceptibly contract during the milling process. The use 
of other viscous solutions containing gelatin, gum arabic, gum 
ghatti, and parafhn oil resulted in suspensions with few well 
preserved myofibrils. 

Effect of Various Buffers—The 4:1 glycerol-buffer solutions 
were made up with phosphate-phosphate, phosphate-citrate 
(u 0.154 to 0.25, pH 7.0), borate, and Tris buffers. There were 
no significant differences in the myofibril suspensions obtained 
with these glycerol-buffer combinations. Tris buffer was se- 
lected for the following reasons: (a) it contains no phosphate 
which would interfere with subsequent enzyme activity de- 
terminations, (6) it is a more efficient buffer at pH 7.0, and (c) 
the myofibrils were better preserved on washing with 0.1 m 
Tris buffer than with other buffers and especially so at higher 
molar concentrations. 

Effect of Diluttion—When myofibrils were prepared from 
hearts obtained and milled immediately after death, dilution of 
the crude, unwashed glycerol suspension within 30 minutes after 
milling produced a prompt and irreversible contraction. This 
effect occurred with the use of 0.1 m Tris buffer, 0.1 to 0.15 m 
KCI, 0.1 to 0.25 m NaCl, phosphate-phosphate buffer (u 0.154 
to uw 0.25), phosphate-citrate buffer (u 0.154 to uw 0.25), or 0.1 to 
0.25 m sucrose as the diluent. This effect also occurred in 
suspensions prepared without the use of glycerol. Contraction 
quickly proceeded to about 40 per cent of the original myofibril 
length in 1:1 dilutions, whereas maximal contraction to about 
5 per cent of the original length occurred in 1:10 dilutions. A 
similar response to dilution was noted when unwashed glycerol 
myvofibril suspensions from hearts which were frozen immediately 
after death and milled without defrosting were used. Contrac- 
tion upon dilution did not occur in (a) suspensions prepared 
from hearts removed longer than 6 hours after death; (6) sus- 
pensions from hearts obtained immediately after death but 
allowed to remain at room temperature for 4 to 6 hours before 
milling; or (c) suspensions from heart obtained and milled 
immediately after death but maintained at room temperature for 
1 to 3 hours before dilution. This “dilution effect” was avoided 
in milled suspensions of fresh muscle by allowing the crude, 
unwashed 4:1 glycerol suspension to remain at room tempera- 
ture for 30 to 60 minutes after milling and before the washing 
procedure leading to purification was begun. 

Yield of Myofibrils—Regardless of the time which elapsed 
after death before the heart was obtained and milled, the yield 
of myofibrils was approximately 20 to 30 per cent of the weight 
of myocardium used. 

Purity of Myofibril Preparations—Light and electron micros- 
copy revealed that the suspensions consisted almost entirely 
of single myofibrils of varying length and a few packets of 
uuseparated fibers. Occasional nuclei were seen. No mito- 
chondria or connective tissue fibers were identified and mis- 
cellaneous tissue particles of similar dimensions were scarce. 
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After the preparation stood for several days, bacteria often 
appeared even at 0°. The growth of the bacteria could be 
controlled by addition of 200 units of penicillin and 1 mg. of 
streptomycin per ml. of preparation. The antibiotics had no 
demonstrable effect on the structure, contractility, or ATPase 
activity of the myofibrils. 

Morphology of Myofibrils—The microscopic structure of 
myofibrils obtained from cardiac and skeletal muscle was very 
similar. The “A” and “I” bands were distinct, although their 
boundaries were somewhat blurred in fresh preparations. 
Studies with the electron microscope disclosed no differences 
between myofibrils of cardiac and skeletal origin after isolation 
by the method described. 

Contractile Response of Myofibrils—As noted above, dilution 
with buffer caused contraction of myofibril suspensions pre- 
pared from fresh muscle. Contraction of purified suspensions 
also occurred after addition of ATP in concentrations varying 
from 0.5 to 4.0 mm in the presence of added 1.0 mm Mg** at a 
pH of 7.0. The contraction was prompt, complete, and _ir- 
reversible to approximately 5 per cent of the original length of 
the myofibril. In this stage all structural detail disappeared 
and the myofibrils appeared as dense, round dots. When ATP 
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Fic. 1. Inorganic phosphate liberation by human cardiac and 
skeletal myofibrils. The reaction volume was 10 ml. containing 
25 mg. (dry weight) of myofibrils in 0.15 m Tris buffer-0.154 m 
KCl (1:4); pH 7.0; 1.0 mm ATP; temperature, 37°. ©, skeletal 
myofibrils; @, cardiac myofibrils; ——, 1.0 mM Mg** added to 
reaction mixture; - - -, without additional ions. 
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